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SYNOPSIS 


In the pursuit of stronger and lighter aerospace alloys, titanium alloys with 
high concentrations of aluminium (with concentration exceeding roughly 20 at. %) 
have been developed. With such high aluminium contents the resulting phases are 
intermetallic compounds having ordered stractures. The system based on the 
compound TisAl is among the oldest in this series and is also the most 
comprehensively studied of the titanium aluminides. The need for developing 
materials with enhanced engine performance through lighter weights and higher 
operating temperatures spurred research interests on TisAl and its derivatives. 

TisAl has a specific modulus and stress mpture resistance comparable to that 
of the superalloys. However, it suffers from a severe limitation due to complete 
absence of room temperature plasticity. Atten^ts have, therefore, been made to 
identify suitable ternary additives, which could impart the requisite room temperaturej 
ductility. Niobium addition has emerged as the most successful means for this 
purpose. Addition ofNb in TisAl (a 2 ) stabilise the b.c.c. (p) phase of titanium even at 
room temperature. Strength, toughness and ductility all increase with Nb addition. 
The first TisAl based composition which demonstrated satisfactory room temperature 
ductility has been reported to be Ti-24Al-llNb (in at %). Since then, a number of 
studies have been carried out with a view to exploiting the full potential of this 
material. As the applications of Ti-24Al-llNb or any other Nb modified TisAl base 
alloy require the material mostly in sheet form, several attempts have been made for 
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studying deformation processing of this material. Since, it is not suitable for room 
temperature rolling, rolling at elevated tenperatures with or without a post annealing 
treatment is usually recommended. Although quite a few papers have been published 
on the processing of TisAl-Nb alloys and Ti-24Al-llNb alloy in particular, systematic 
study of the effects of processing variables has hardly been carried out. In addition, 
the issue of textures which is likely to be of extreme importance for such Lc.p. 
structured materials with regard to mechanical properties, has not at all been paid 
serious attention. It is well known that texture affects most of the properties of 
materials including tensile properties and fracture, fracture toughness, fatigue and 
enviromnentally assisted fracture etc. It has also been established that h.c.p. Ti alloys, 
composed mainly of basal-textmred a grains, exhibit significant improvement in 
ductility which ultimately decides the sheet formability characteristics of the material. 

An attempt has therefore been made to explore various possibilities for the production ) 
of basal texture in thermomechanically processed Ti-24Al-llNb alloy sheets^ A 
number of processing routes have been tried and the resulting evolution of textures 
has been documented and critically examined. Also, a thorough investigation on the 
stability of basal textures, evolved during thermo mechanical processing, has been 
carried out as functions of both annealing effects and a 2 ->P->a 2 phase transformation 
cycle. 


The alloy used in the present investigation with the nominal composition Ti- 
24A1-1 INb (at. %) was^cast in the form of a pan cake. This material was suitably cut 

.y 

into small pieces and these were then subjected to hot rolling at four dififerent 
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temperatures, namely, 1173 K, 1293 K, 1373 K and 1523 K, for three levels of 
thickness reductions, namely 50%, 70% and 80% at each temperature. All the 
samples were quenched in water from the rolling temperature. The samples with the 
highest reduction were also furnace cooled from the respective rolling temperatures. 
Some pieces of the as-cast material was given a prior heat treatme^but for the 
equilibration of phases and then subjected to rolling at 1 173 K by different amounts of 
reduction followed by water quenching. 


Subsequently, the above as-rolled materials were annealed isochronally (for 1 
hr) within the temperature range 1123 K-1293 K and (at ~50 K intervals) and also 
isothermally at 1 173 K for time intervals ranging from 1 hr - 12 hrs. In an alternative 
route of heat treatment, the differently processed as-rolled materials were heat treated 
at three different temperatures, corresponding to different phase fields, and then 
finally furnace cooled to room temperature. Extensive microstructural 
characterisation of the different as-processed samples was carried out using optical 
and scanning electron microscopy (SEM). Thin foils of selected number of samples, 
were thoroughly examined under a transmission electron microscope (TEM-JEOL 
2000 FX), operated at 1 60 kV. 


X-ray diffraction studies were carried out in the usual manner on samples at 
different stages of processing, with a view to characterising the phase compositions as 
well as textural effects. Detailed texture study on most of the as-processed samples 
was undertaken using^th the X-ray pole figure as well as the ODF (Orientation 
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figures, namely, (2020), (0002), (2021), (2022), (2240) and (2023), using the series 
expansion method upto Imax = 32. 

The results of the present investigation indicate that the starting material, i.e. 
the as-cast alloy, which consists of randomly oriented laths of Ua in (3 (B2) matrix 
possess a strong basal texture and that this texture does not change significantly due to 
prolonged annealing at 1173 K. Strong basal texture is also obtained when the 
starting material is rolled at 1 173 fC, both in the water quenched and in furnace cooled 
conditions. Among these two the former gives rise to the sharpest basal texture. The 
texture maxima are mainly located along the fibre [0001] || ND (~12° from the exact 
location), and a few strong intensity peaks are also observed at [1010] |1 RD fibres in 
these cases. 

The material, which was prior heat treated at 1173 K for a long time before 
rolling at 1173 K upto 80% reduction exhibits an even sharper basal texture as 
compared to the samples mentioned above. In this case, most of the orientations are 
concentrated along [0001] || ND fibre. The degree of deformation during roUing also 
has a profound effect on the nature and extent of texturing. For example, the material 
rolled at 80% reduction at 1 173 K shows a sharper basal texture than the one rolled to 
50% reduction. 

The results also clearly show that rolling at temperatures above 1173 K but 
below the p-transus (1373 K±10 K) is not fevourable for obtaining good basal texture. 
Hot rolling at temperatures above the P-transus followed by water quenching was 
done in order to have an idea about the hot rolling texture of the p phase. This 
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information was crucial for understanding the texture formation in 0.2 obtained from p 
by transformation during furnace cooling. Two temperatures were chosen for this 
purpose, namely, 1373 K which is just near the a 2 +p/p phase boundary, where there 
is only a feasible chance of P recrystallisation duriug furnace cooling and the other 
temperature is 1523 K where the p phase is likely to get an opportunity to recrystaUise 
before transformation. Although the p rollmg textures in both the cases are more or 
less similar, (with {011}<uvw>, {112}<uvw>, {113}<uvw> and {223}<uvw> as the 
main components along with several other weaker components) the resulting 
transformation texttires are significantly different. In the former case, the nature of 
texture evolved in transformed a 2 (henceforward named as secondary a 2 ) is 
completely non basal and m accordance with the Burger’s relationships for 
transformation. In the latter case, furnace cooKng gives rise to the basal type of 
texture. This difference has been attributed to the differences in variant selection 
during p->-a 2 transformation in the above two cases. 

After examining the conditions for the development of a satisfrictory basal 
texture, attention was focussed on its stability during further heat treatments, which 
are usually undertaken for microstructural control. For this purpose, the material 
obtained by rolling of the prior heat treated alloy, which also exhibited a strong basal 
texture, has been subjected to isochronal annealing for 1 hr at temperattires 1123 K, 

1 173 IC, 1233 K and 1293 K and then water quenched. 
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The above temperatures were chosen such that a 2 remained the major phase, 
thus allowing the effect of heat treatment on the basal texture of ai phase to be 
examined. It was observed that annealing at the lowest temperature, 1123 K, where 
recrystallisation of the a 2 just begins, the basal texture weakens perceptibly and a 
number of other non basal orientations develop. However, it more or less, regains its 
strength on annealing at 1 173 K and 1233 K. The basal texture again starts degrading 
at 1293 K. On the basis of the above results, further isothermal annealing was 
performed at 1173 K over intervals of time ranging between 15 min - 12 hrs. The 
isothermally annealed samples also have shown initially a tendency for degradation of 
basal texture and evolution of non basal components for shorter annealing times and 
re-intensification of the basal texture after longer annealing times. However, a 
relatively prolonged annealing for 12 hrs was found to be'deleterious for the basal 


texture. The above observations on textural changes on isochronal as weU as 

i 

I isothermal annealing are compatible with the common behaviour of annealing 
^ textures of h.c.p. metals and alloys where the roUing textures are retained after 

C crystallisation. The degradation of rolling texture in the initial stages of annealing 
^ s been stipulated to be associated with some changes in the state of order of the az 
i^hase. This is in conformity with the annealing behaviour of other aluminide 
intermetallics, such as NisAl. 


Finally, an attempt was also made in this investigation to examine the effect of 
a 2 ->P-KX 2 transformation cycle on the stability of the basal as well as the non-basal 
components of texture. For this purpose, saicples showing three different types of 
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textures - basal, weakly basal with non-basal components, and perfectly non-basal 
texture - were subjected to heat treatments in mostly the a 2 phase field, 
equiproportional a 2 +P phase field and the p phase field followed by furnace cooling. 

The texture results indicate that the material which already has a reasonably 
strong basal texture undergoes degradation on heat treatment in the ai phase field for 
a long time. Heat treatment at the higher temperature of 1293 K degrades it further. 
After heat treatment above the p-transus, the material undergoes a phase 
transformation to p followed by a second p->-a 2 phase transformation during furnace 
cooling. This treatment has also been found to be detrimental to the preservation of 
the basal texture. 

Similar heat treatments carried out on the material having a weak near basal 
texture and other non-basal components have shown results different from that of the 
material with starting basal texture. Heat treatment of this material 1173 K seems to 
enhance the intensity of near basal texture. However, heat treating the same material 
at 1293 K causes a deterioration of the basal texture. Surprisingly, heat treatment at 
1373 K caused significant improvement in the basal texture. 

Heat treatment of the material was completely non-basal starting texture, 
followed by furnace cooling does not seem to &vour the formation of basal texture 
irrespective of the heat treatment temperature used. These differences have been 
attributed to the differences m the nature of stress state of the starting oa phase from 
which P forms, to be re-transformed into secondary at during frirmce cooling. 
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It thus appears that it is essential to have at least some intensity of the basal 
texture component in the starting material in order that a strong basal texture can be 
produced upon processing. Rolling at lower temperatures with high amounts of 
reduction usually favours the development of basal texture which remains reasonably 
stable even after complete recrystallisation on heat treatment. 
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Chapter 1 


Introduction 


Titanium-base aJloys have played a key role in the improved performance 
achieved in gas turbine engioes, offering exceptional opportunities for weight 
reduction, as much as 50% by replacing some of the nickel and iron-base superalloys. 
However, the temperature capabihties of titanium alloys limit the application of even 
the most advanced titanium alloy, such as IMI-834 and Ti-1100, to about 873 K 
(approximately) with regard to both their high temperature strength and oxidation rate. 
Titanium alloys also suffer from low fracture toughness and low creep strength at 
higher temperatures. The need for developing new materials that are lighter than 
superalloys and yet possess roughly the same mechanical properties and oxidation 
resistance as superaUoys is increasing day by day. Figs. 1.1 show the current and 
future options for the usage of different materials for aerospace applications. 

Because of their lower specific weights, remarkably high strength and improved 
oxidation resistance, intermetallic materials are potential candidates for the substitution 
of relatively heavier superalloys for both compressor as well as turbine sections of 
aircraft engines. Due to their excellent strength-to-weight ratio at temperatures well 
above 973 K, titanium aluminides, specially TisAl and TiAl-base intermetallic alloys 
have been considered as strong candidates to substitute for conventional materials used 
in jet engine compressors. The properties of these aluminide alloys are compared with 
those of conventional titanium alloys and superalloys in Table 1.1. 
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Table 1 . 1 Properties of Titanium Aluminides, Titanium-Base Conventional Alloys 

and Superalloys [3] 


Property 

Ti-Base 

AJloy 

TLAl-Base 

AUoy 

TiAl-Base 

AUoy 

SuperaUoy 

Structure 

hcp/bcc 

DOi9 

Llo 

fcc/Lli 

Density, g/cm^ 

4.5 

4. 1-4.7 

3.7-3.9 

8.3 

Modulus, GPa 

95-115 

110-145 

160-180 

206 

Yield Strength,MPa 

380-1150 

700-900 

400-650 

— 

T ensileStrength,MPa 

480-1200 

800-1140 

450-800 

— 

Ductility, % at RT 

10-25 

2-10 

1-4 

3-5 

Ductility, % at HT 

12-50 

10-20 

10-60 

10-20 

Fracture Toughness, MPa Vm 

High 

13-30 

10-20 

25 

Creep Limit, °C 

600 

760 

1000 

1090 

Oxidation, °C 

600 

650 ! 

i 

900 

1090 


2 
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It is to be noted that although the elastic moduli of these compounds are lower 
than those of superalloys, these values can be retained at a substantial level at high 
enough temperatures (Fig. 1.2). This can be attributed to the strong A-B bondmg in 
their ordered structures. Similarly, high temperature properties such as strength 
retention creep/stress rupture life, and high temperature fetigue resistance etc. of these 
aluminides are far better than those of conventional titanium alloys due mostly to the 
slow difibsion phenomenon in ordered alloys. 


Test Temperature (*F) 



Fig. 1.2 


Variation of dynamic elastic moduli of az and y Ti-aluminides and 
Ti-6242 with temperature [3] 
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Titanium aluminides, however, suffer from low ductility at ambient temperature 
which appears to be the most serious obstacle to the full use of these materials. In 
addition, the titanium aluminides exhibit a strong Ti 02 - forming tendency rather than 
formation of the protective AI2O3 at high temperatures and therefore their oxidation 
resistance is not adequate for very high temperature applications. Titanium aluminides 
also suffer from poor mechanical behaviour in hydrogen environment. This appears to 
be a key factor while considering the options of using these materials in a hydrogen 
environment. 

In spite of several favourable characteristics, the complete absence of room 
temperature plasticity in titanium alunainides poses the primary challenge in developing 
them as structural alloys. A number of studies on alloy development in this regard 
have resulted in identifying niobium as a primary ternary additive and it has been 
reported that plasticity at room temperature can be obtained by the addition of > 10 at 
% Nb which stabilises the high-temperature ductile b.c.c. phase of titanium in the 
structure. Depending on the Nb content, several modified ThAl-base alloys have been 
developed which can be classified as follows: 

Class I (P-stabiliser ~ 10 - 12%): These alloys consist of two phases : (i) an ordered 
h.c.p. (DO19) structmred phase a2 and (u) an ordered or disordered b.c.c. structured 
phase B2 or p. Usuahy above 1253 K, the disordered form prevails. However, at 
room temperature (even after quenching from higher temperature), the b.c.c. phase 
gets ordered to B2 structure. Compositions Ti-24Al-llNb and Ti-25Al-8Nb-2Mo-2Ta 
are prominent examples of this category. 
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Class II (P-stabiliser ~ 14 - 17%): Alloys with these compositions usually consist of 
three phases ; the ordered h.c.p. phase ai, the ordered or disordered b.c.c. phase B2 or 
p and an orthorhombic structured (Cmcm) phase, known as ‘O’ phase. Compositions 
Ti-24Al-(14-15)Nb, Ti-24Al-10Nb-3V-lMo and Ti-24A1-17 Nb are the typical 
examples of this class. 

Class III (P-stabilizer ~ 25 - 30%); Alloys in this composition range consist of the 
two phases, the orthorhombic ‘O’ phase and the b.c.c. p or B2 phase. Prominent 
alloys of this category are Ti-25Al-27Nb, Ti-22Al-23Nb, Ti-22Al-25Nb etc. 

The composition regime between the first and second classes of these alloys 
has been explored at a fixed Mo equivalent level. Several trends in properties of these 
alloys are known as a function of composition and are shown in Table 1.2. For 
example, stress rupture and creep strength are enhanced by increasing A1 and Mo 
contents. However, beyond optimum levels, these elements adversely affect 
toughness and ductility. 

It has been found that apart from modifying phase composition by ternary 
additions, modification of microstructure has also an important role in affecting the 
mechanical properties of TiaAl-base intermetallics. The sensitivity of mechanical 
behaviour with respect to the microstructure together with the difficulties in 
deformation processing poses another challenging task in the area of alloy 
development. 
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Table 1 .2 Properties of some TUAl-Base Alloys [3] 


Alloys 

Micro stmcture 

YS 

UTS 

Elong. 

Kic 

Creep 



(MPa) 

(MPa) 

(%) 

(MPa,m) 

Rupture 

Ti-25A1 

Equiaxed ai 

538 

538 

0.3 

— 

— 

Ti-24Al-llNb 

Widmanstatten 

787 

825 

0.7 


44.7 

Ti-24Al-14Nb 

Widmanstatten 

510 ' 


2.0 ' 

20.7 

— 

Ti-25Al-10Nb-3V-lMo 

Widmanstatten 

825 

1042 

2.2 

13.5 

>360 

Ti-24.5Al-17Nb 

Widmanstatten 

952 

1010 

5.8 

28.3 

62 

Ti-25Al-17Nb-lMo 

Fine 

Widmanstatten 

989 

1133 

3.4 

20.9 

476 


In spite of these drawbacks, a ntimber of components in the compressor and 
turbine sections of the engine have already been successMy fabricated from titanium 
aluminides and atten^ts are underway to improve their low ductility and poor 
toughness at lower temperature so that their application-base is further extended. 
Other applications of these alloys in the aerospace industry are typically in the 
manufecture of honeycomb structures for fuselage panels for advanced aerospace 
designs, noise damping components in modem jet turbines, turbine nozzle guide veins 
etc. In addition, TiaAl-base alloys also find their applications as laminated conqwsites. 
Such applications would require titanium aluminide to be processed into thin sheets 
and foUs. However, alloys having low ductility are generally not amenable to cold 
rolling. It is, therefore, recommended to process them by hot/warm rolling and 
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annealing route. Further, the phase fractions and other microstructural attributes can 
be controlled by proper heat treatments. The sheet processing methods are also 
expected to have pronounced effect on the development of textures in these materials. 
Since texture is known to affect the mechanical properties very significantly, 
investigations into these aspects are also of utmost importance. Mechanical process ing 
of materials with h.c.p. structme causes the development of strong texture as well as 
the refinement in the grain size, and both these changes influence the mechanical 
properties of the product. The processing parameters that affect the texture 
development in a rolled material are ntainly the temperature of processing and the 
amount of rolling deformation. Although, the production of TisAl-base alloys (Ti- 
24A1-1 INb, in particular) into sheet form has long been envisaged, very little attention 
has been given till date to elucidate the evolution of texture in these materials. 

The present work was therefore undertaken to carry out a systematic study of 
the evolution of texture during processes thermomechanical processing of a Nb 
containing TisAl-base alloy. This has been supplemented by relevant microstructural 
investigation. The first part of the present study involves the determination, 
interpretation and evaluation of the microstructural and textural changes that occur 
during warm/hot rolling as a fimction of rolling temperature, amount of rolling 
reduction and post rolling conditions. 
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Table 1.3 Microstructural Dependence of Mechanical Properties of some 
ThAl-Base Alloys [3] 


Alloys 

Micro- 

structure 

YS 

(MPa) 

UTS 

(MPa) 

Elong. 

(%) 

K,c 

(MPav;;;) 

Creep 

Rupture 

Ti-24Al-llNb 

W 

787 

825 

0.7 


44.7 


FW 

761 

967 

4.8 



Ti-25Al-10Nb-3V-lMo 

W 

825 

1042 

2.2 

13.5 

>360 


FW 

823 

950 

0.8 




W+P 

759 

963 

i 

2.6 




FW+P 

942 

1 

1097 

2.7 



Ti-24.5Al-17Nb 

W 

952 

1010 

5.8 

28.3 

62 


W+P 

705 

940 

10.0 




W = Widmanstatten, 

FW = Fine Widmanstatten, 
P = Primary 


The second part of this study comprises exa min ation of the stability of textures 
so formed during subsequent heat treatments of the as-rolled alloy. This was 
considered important since the conventional processing technologies usually require a 
post rolling heat treatment for proper microstructural control As the processing 
temperatures lie very close to the phase boundaries, it is also important to examine the 
effects of phase transformations on the stability of texture, since any supertransus 
processing is likely to affect the texture and microstructure of the processed material 
The third and last part of the present study, therefore, aims at examining the texture 
modifications during any such treatments. 
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Literature Review 


Alloys based on titanium aluminium intermetallic compound TisAl, referred as 
0 . 2 , have been studied for the last three decades. The development of alloys based on 
this intermetallic compound has been driven by the need to bridge the gap in the 
temperature capability between current conventional near a titanium alloys (773 K- 
873 K) and nickel base superalloys INCO 718 or INCO 713 (923 K-1073 K) [4], 
Applications originally intended for this intermetallic class were to be propulsion 
components, but more recently, it has also been considered for use in hypersonic 
airframe structural components [5]. TisAl has a specific modulus and stress rupture 
resistance compared to that of superalloys [6]. However, it does not have any room 
temperature plasticity, which puts a serious restriction on the engineering applications 
of this material. In order to explore the merits of such a potential material for 
applications, several attempts have been made [7, 8, 9]. All these studies revealed that 
Niobium addition (> 10 at. %) improves the room temperature plasticity by stabilising 
the high temperature b.c.c. phase of titanium 

The Niobium modified ThAl-base alloys can be classified into three categories: 
(i) alloys having 1 1-12 at. % p-stabifiser, (ii) alloys having 14-17 at. % p-stabiliser and 
(iii) alloys having 25-30 at. % P-stabiliser. Different alloys belonging to these three 


categories are listed in Table 2.1. 
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Table 2.1 Alloy designations, compositions and their source references 


Designation 

Composition 

References 

24-11 

Ti-24Al-llNb 

10 

25-11 

Ti-25A1- llNb 

11 

25-16 

Ti-25A1- 16Nb 

11 

25-17 

Ti-25A1- ITNb 

12 

27-15 

Ti-27A1- 15Nb 

11 

25-24 

Ti-25Al-24Nb 

13, 14 

22-27 

Ti-22Al-27Nb 

13 

27-15-1 

Ti-27A1- 15Nb- IMo 

11 

8-2-2 

Ti-25Al-8Nb-2Mo-2Ta 

15 

10-3-1 

Ti-25Al-10Nb-3V- IMo 

16, 10 

22-17-1 

Ti-22A1- ITNb - IMo 

12 

25-17-1 

Ti-25A1- ITNb - IMo 

12 


2.1 Phases and Crystal Structure 

The Ti-Ai-Nb ternary system has been studied by several workers and has been 
extensively reviewed [17]. Nartova et al. [18,19] studied the system TisAl-Nb-Ti from 
873 K to 1473 K and indicated that a quasibinary system TisAl-Nb exists, which was 
further confirmed by Troitsky [20]. Till this time, the TisAl-Nb system was siq^sed 
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to be consisting of ordered iLc.p. TisAl phase and disordered b.c.c. p phase of 
titanium. Baneijee et al. [21] reported the existence of a new phase with stoichiometry 
ThAISTb whose unit cell is orthorhombic structured with the space group Cmcm The 
pseudo-binary phase diagram of Tia Al-Nb system is also given in Fig. 2.1. 

As it can be seen, for the first category of the alloys, there are mainly two 
phases of interest: the aa phase (based on TiaAl) and the P(B2) phase (disordered or 
ordered b.c.c.). The second category of alloys consist of three phases: the aa phase, 
P(B2) phase and O phase (a distorted form of ai based on TiaAJNb), depending on the 
heat treatment. The third class of alloys have the two constituent phases: the 0 phase 
and the P(B2) phase. The crystal structures of these phases are shown in Fig. 2.2. The 
02 phase has the h.c.p. based DOjg (hP8) crystal structure and Pbs/mmc symmetry. 
This structure is characterised by close packed (0001) planes. The Al atoms are 
bonded with Ti atoms at the nearest neighbour positions. This structure can be 
described in terms of four interpenetrating primitive sublattices, of which three contain 
Ti atoms and one contains Al atoms. Niobium atoms substitute the Ti sites in the 
lattice [22]. The ordered B2 (cP2) phase which is derived from the high temperature 
b.c.c. (P) phase of titanium has its composition centred around TizAlX, where X is a p 
stabiliser [23]. In the TfcAJNb system, it has been shown that Ti and Al atoms occupy 
the two separate primitive sublattices constituting the structure while Nb occupies the 
Al sublattice [24, 25]. 
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B2 to (tj/0 
Widanstatten 



B2 to (i 2 
Massive 





B2toO 

Massive 



i 


Tempered 

martensite 



luciuxaut 

02 to rt>type 


Fig. 2.1 Vertical section of TijAl-Nb phase diagram with typical decon^sition 
modes of p superimposed on it. Dashed line indicates the boundary 
between p and B2, quenching from above which results in B2 ordering 

[4] 


The third phase belonging to this alloy system, the ‘O’ phase, which was 
identified by Baneijee et al [21], possessing a Cmcm (oC16) symmetry with an 
orthorhombic crystal structure, can be viewed as a slightly distorted form of aa. The 
‘O’ phase is a ternary ordered structure based on the TiaAJNb composition in which 
Nb atoms can be associated with a distinct sublattice-atom in one of the three Ti 
sublattices of ai are replaced by Nb. An alternative site occupation in which Nb atoms 
occupy Ti sites randomly, as in ai, has also been observed [26, 27] 


n 
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Crystal structures in the TijAl-Nb system; (a) the DOi? hexagonal 
superlattice structure aj and the B2 structure, (b) Schematics of a 2 and 
O phase structures showing the important vectors, the unit cell of O. 
phase being presented in such a manner that it corresponds to sirndar 
vectors of phase , and (c) Projected atom positions for the az phase 
(0001), the O phase (001) and B2 (001) [3,4] 
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2.2 Phase Transformation 

The phase transformations studied in the TbAl-Nb system can be classified 
under following subheadings: 

2.2.1 Transformation during quenching 

For low Nb containing aUoys (< 7.5 at. %), quenching from p phase results in 
martensitic transformation of p to hexagonal martensite a' as in the case of 
conventional (a+p) titanium alloys. However, ordering of a' to 0 L 2 cannot be 
suppressed, resulting in the formation of az laths with a fine APB structure. The 
martensitic transformation is rapidly suppressed beyond 7.5 at. % Nb [28] because of 
the relative stability of the oc phase writh respect to CIC 2 phase. A martensitic 
transformation from p to azIO or B2 to azIO is not possible as no atomic site 
correspondence exists between the parent and product phases. Therefore, at bi ghpr 
Nb contents, the b.c.c. phase can be retained by quenching. However, the b.c.c. 
phase is difficult to retain in the disordered form and the fine domain of ordered B2 
phase are quite commonly observed in the as-quenched p-phase [29]. Another 
important characteristic of this transformation is the elastic instability resulting from 
the transformation which do gets reflected in TEM observations. 

2.2.2 Transformation during Continuous Cooling 

The phase transformation occurring during continuous cooling from the p 
phase field leads to the formation of laths of 0.2 upto the composition TisAl-l INb. For 
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higher Nb contents, say TiaAl-lbNb, the sequence of transformation is reported to be 
as follows [30]: 

P CC2 + B2 — > CC2 + B2 + O — ^ O + B2 

A schematic continuous cooling transformation (CCT) curve representing such a 
transformation is given in Fig. 2.3. The precipitation of ‘az’ or ‘O’ laths from P(B2) 
takes place according to Burger’s relationship as reported by Bendersky et al. [31] 

(0001).J|(UO)^. 

[U20]^|(lTl], 

and 

(001),||(110)^ 

[iiofc|[iTi], 

The variation in lath morphology of the az as well as ‘O’ phase with cooling rate 
follows the same trend as seen in conventional (a+p) titanium alloys. On increasing 
the cooling rate, the lath distribution changes from a colony structure to increasingly 
fine basket-weave structure. 

The transformation from the az to the O phase, as seen for a range of 
compositions on increasing the Nb content from 12 at. %, is reported to follow the 
relationship [21]: 

(00I)„||(000I).. 

[110],|l0T0]^ 
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The microstructural features of the resulting ‘O’ phase depend on whether a 2 is 
retained or consumed during transformation. In the former case, the ‘O’ phase has a 
lamellar micro Structure whereas in the latter case, it is reported to have a mosaic-type 
of microstructure. With increasing Nb content, the volume fraction of the a 2 phase 
decreases and it remains only at grain boundary locations for < 25 at. % Nb. 


2.2.3 Transformation during Ageing 

Several workers have focused their attention to the transformation during 
ageing of the as-quenched P(B2) form of Ti-Al-Nb alloys. The most comprehensive 
study of this phenomenon has been due to Strychor et al. [28]. Their study revealed 
that the metastable as-quenched P phase (< 7.5% Nb) decomposes to oo-related 
structure when the ageing treatment is performed below 773 K. The above feet has 
also been verified by Chang and Loretto [29]. At higher temperatures, a composition 
invariant transformation to ‘ 02 ' or ‘O’ is observed. Two distinct microstructural 
features have been reported to evolve: (i) a plate like O phase with many 
substructural features associated with a martensitic transformation and (ii) an 
equiaxed product which resembles the conventional massive structure. These two 
decomposition modes can proceed in parallel or sequentially with the equiaxed grains 
consuming the martensitic type product. Subsequent decomposition of both these 
phases occur to produce equilibrium phases a 2 and/or p(B2). Above 1273 K, 
conventional precipitation of Widmansttaten ai or O occurs, and a cellular 
transformation has been observed for Nb content > 25 at. %. The decomposition of 
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metastable p(B2) without long range difiusion has been attributed to the occurrence of 
a set of displacive or replacive transformations [32]. 


Ti - Jt Al - 15 Nb SCHEMillC TT CURVES. CONTINUOUS COOLING 



TIME ( sec.) — 


Fig. 2.3 Schematic CCT curves proposed for continuous cooling from P phase 
field [4] 

In a more recent study on the ageing characteristics of a Ti-24Al-llNb alloy, 
within the temperature range 723 K-1123 K, Hsuing and Wadley [33] proposed the 
path of isothermal transformation from the initial B2 to final ai structure as follows: 

B2{P^ 3m) ^ B\9{P^ ) -> Oicmcm) -> (^63 Imm) 

In the same study, they also predicted a ‘critical’ ten^erature (about 773 K) above 
which B 2 ->B 19 -> 0 -^a 2 transitions take place and below which 0 -> a 2 reaction 
becomes very slow. Therefore, the kinetic stability of ‘O’ phase against its 
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transformation to a 2 in a P quenched Ti-24Al-llNb alloy is below (about) 773 K. 
Earlier the same authors also reported the existence of a tetragonal (T) phase as the 
intermediate transformation product. However, the existence of the tetragonal phase 
was further re-examined by Banerjee, and it was found that this was another variant of 
the O phase only [4]. To distinguish between these two phases, many authors 
designate them either as O' and O" or as Oi and O 2 . 

2.3 Deformation Behaviour 

The deformation behaviour of ThAl-base Ti-Al-Nb alloys has been rigorously 
studied by several workers. A collective account of these studies covers both the 
domain of deformation crystallography as well as deformation processing. Both these 
aspects are reviewed under separate heads. 


2.3.1 Deformation Crystallography 

The deformation crystallography of single phase TisAl as well as Nb modified 
ThAl has been extensively studied by several workers for both its polycrystalline [6, 
34-36] and single crystalline [37-39] forms. Attention has been focused in examining 
the dislocation arrangement generated by tensile deformation in TisAl and in TbAl 
alloyed with Nb [6]. A collective account of deformation crystallography extracted 
firom the aforesaid studies is presented here. 
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Based on the shortest lattice translations and the densest slip planes, the 
possible slip systems in ordered structure of TisAl indicate that three types of 


dislocations are possible: (1) a type, with a Burgers vector of the type - < 1120 > 

6 


moving on the basal (0001) plane, the prism {1010} plane, or the pyramidal {202 1} 
planes: (2) c type with a Burgers vector of [0001] on second-order {1120} prism 
planes and (3) c + a type with a Burgers vector <112 6> on {1121} or {2021} 
pyramidal planes. The a type dislocations have been observed m TbAl alloys deformed 
at room and intermediate temperatures [40], therefore TisAl deforms predominantly by 

the motion of — < 1 120 > superlattice dislocations on the basal, prism and pyramidal 


planes. However, operating slip systems involving only a-type dislocations do not 
provide the desired number of sUp systems required by the von Mises criterion for 
polycrystalline ductility without cracking [41]. The present c- and c + a- type 
dislocation in TisAl-based alloys deformed at high temperatures have been suggested 
to be responsible for the increased ductility observed at that time [34, 42-45]. Some c- 
and c + a- type dislocations have been reported in TisAl-base alloys deformed at room 
temperature and at elevated temperatures [35, 46, 47]. However, the density of these 
[0001] and <11 23> dislocations is very low, especially at temperatures below 873 K 
[34, 46]. It has also been shown that c dislocations are present in undeformed TisAl- 
base alloys whenever the a .2 phase has been precipitated from the P phase [48] and 
thus may be a transformation-induced rather than a deformation-induced product. The 
plot showing the variation of critical resolved shear stress (CRSS) as a function of 
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temperature is given in Fig. 2.4 along with the Burgers vectors of the dislocations. 
Observation of differing slip systems in h.c.p. Ti and its DO 19 superlattice 
counterpart TisAl is due to [0001] slip being unusual in simple h.c.p. structures where 
the smallest unit translation is along the <11 2 0 > direction, but [ 0001 ] is the shortest 
perfect Burgers vector in the DO 19 structure. Twinning, a common deformation mode 
in hexagonal a-Ti, is excluded by the ordered structure of TisAl. Thus, only four 
independent slip systems exist in polycrystalline ThAl. Nb addition increases the 
tendency for basal slip and perhaps homogeneous prismatic slip, but does not increase 
the propensity for ‘c’ component slip. 

Deformation in the B2 phase [35] is extremely inhomogeneous and localised 
into nonplanar slip bands. The structure in the slip band consists of heavily pinned 
edge dislocations with < 1 1 1 > Burgers vectors, which generate screw dislocations on 

secondary slip planes. The dislocations glide as loosely coupled — a<lll> 

2 

superpartials in Ti-25A1-1 INb, but as closely spaced pairs in Ti-25Al-16Nb, consistent 
with the higher disordering temperature for the latter. The [100] dislocations have 

also been observed, but only in the vicinity of a 2 /B 2 interfaces in a two-phase 
structure, where they are presumably generated by inconiipatibility stresses. The choice 
of < 1 1 1 > as the glide vector is consistent with the significantly lower APB energy of 
this B 2 composition relative to that of NiAl [35]. While screw dislocations are 
generally less mobile in both disordered b.c.c. and B2 phases due to their nonplanar 
core structmre [ 53 ], the pinned edge dislocation configurations appear to arise firom 
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dislocation interactions with the defect structure from the {110} < 110 > elastic 
instability. Local segments of the slip bands have been identified to be parallel to 
{110} and {112} planes. The intense slip localisation is believed to arise from slip 

plane softening owing to the shearing/dissolution of the © phase present in the 
structure (a behaviour also observed in disordered P with ©). As with all 
inhomogeneously deforming materials, grain size refinement results in refinement and 
homogenisation of slip [44]. Since the P (B2) phase is metastable with respect to 
decomposition to (X 2 or O, it has not been possible to generate information on its flow 
stress behaviour as a function of temperature. 


( 0001 ) 
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Ti-25mol % Al 


o ^ 400 H 


Pyramidal slip 


Basal slip 


Prism slip 


Temperature (K) 
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(a) Hexagonal superlattice structure of TisAl showing slip planes and 
slip vectors in the structure [3], (b) Variation of CRSS for different 
slip systems in TiaAl as a function of temperature [4] and (c) The 
three types of Burger’s vectors present in the TisAl structure : 

(i)a type, b=l/6<l 1 20>, (ii) c type, b=[0001] and (iii) a+c type, 
b=l/6<1126>[60] 
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2.3.2 Deformation Processing 

TisAl-base alloys modified with Nb are generally processed by hot working. A 
number of studies have been carried out on hot deformation characteristics of these 
alloys. One of the preliminary reports in this area in the open literature is due to 
Witteneauer et al. [55]. The work involves hot rolling of Nb modified and (V, Mo) 
containing TisAl alloy in the temperature range 1213 K-1393 K. The results of 
Witteneauer et al indicate that the deformation of the super at alloy is not 
homogeneous in the temperature range 1213 K-1263 K and give rise to pinholes and 
edge cracks. However, this inhomogeneity does not persist if the material is roUed at 
1283 K resulting in a completely recrystaUised micro structure. 

A more rigorous and systematic study on plastic-flow behavioxir and 
microstructural development in a cast Ti-24A1-1 INb alloy was carried out by Semiatin 
et al [56], using hot compression testing. The results of this study reveal three 
elevated temperature deformation zones, namely warm working, hot working m the 
two phase (a 2 +p) field and hot working in the single P phase field. When hot working 
takes place in the first regime, the material exhibits an unrecrystallised microstructure 
with cavities and wedge cracks. On the other hand, hot working in the (aa+P) phase 
field results in a fiflly recrystallised (globularised) structure of primary at phase in a 
transformed matrix. In contrast, a structure consisting wholly of transformed p is 
produced if deformation is conducted in the single phase regiom The hot working 
regime extends to as low as ~ 100 K below the P-transus which allows a wide range of 
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choice for breakdown temperanire. Figs. 2.5 (a-c) show the true stress-true strain 
plots as obtained by Semiatin [56] for different working temperatures and strain rates. 
The activation energy for hot working of Ti-24A1-1 INb alloy in the two phase field is 
considerably higher than that of conventional (a+p) titanium alloy. The value of 
activation energy has also been found to be considerably higher than the activation 
energy value characteristic of creep for aa titanium aluminides. A comparison of the 
deformation behaviours of cast and wrought materials indicate that the specific 
dependence of flow stress upon temperature and strain rate for a wrought alloy of 
cimilar composition is the same as the as-cast material, once it is interpreted after 
correction in p-transus temperature (Fig. 2.6) [56]. 

A subsequent study by Long and Rack [57] on thermomechanical stability of 
forged Ti-25A1-1 INb alloy uses dynamic material modelling (DMM) for the analysis of 
the mechanical behaviour to establish the flow stress-strain rate-temperature-strain 
criterion. The true stress-true plastic strain behaviour of this alloy at low tenaperatures 
and high strain rates is given in Figs. 2.7. The deformation behaviour exhibited by 
these curves are attributed to continuous strain hardening during deformation. On 
correlating the unstable and stable flow regimes, as predicted by DMM to the 
microstructure, it has been revealed that the unstable flow zones are associated with 
the physical processes like, 0 -¥ ai transfonnation, kinking of aj lamellae, shear band 
formation and coarsening of dynamically recrystallised grain structure. The stable flow 
regimes were associated with dissolution ofV^dmanstatten ai, coarsening of primary 
ai and dynamic spheroidisation of the lamellar a .2 microconstituents. 
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Typical true corrected stress-true plastic strain curves of Ti-25A1-1 INb 
at: (a) 1073 K, (b) 1273 K, (c) 1398 K and (d) 1473 K [57] 
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Sagar et al. [58] were successful in identifying a domain of dynamic 
recrystallisation of ai in Ti-24Al-llNb, which is defined by limiting values of strain 
rate and temperatmre. Typical stress-strain behaviour for as-cast and mill annealed 
materials at 1 173 K, 1293 K and 1373 K, as obtained by Sagar et al, are shown in Fig. 
2.8 (a-c). It can be seen that (i) the flow stress curves corresponding to the air cooled 
structure lie above those for the mill annealed structure at aU temperatures and strain 
rates, but the stress differential is higher at lower temperatures and higher strain rates, 
(ii) the flow curves of the air cooled material show flow softening with its onset at 
higher strains at lower temperatures and higher strain rates, while for the mill annealed 
material, the flow curves show work hardening foflowed by a steady state. 
Consequently, the flow stress of the air cooled structure approaches that of the 
equiaxed structure with increasing strain, especially at higher temperatures. Fig. 2.8 (d 
and e) show the processing maps for Ti-24Al-llNb in as cast as well as wrought 
conditions. The isocontours plotted on this map represent fines of constant process 
efficiency of power dissipation through metallurgical processes. A comparison of Figs. 
2.8 (d and e) also shows that the dynamic recrystallisation domain for the a 2 phase in 
wrought Ti-24A1-1 INb alloy with an equiaxed microstructure is shifted to higher strain 
rates in comparison to cast Ti-24Al-llNb. The rate controlfing mechanism for 
dynamic recrystalfisation is believed to be cross-slip in the ai phase. The cast structure 
is more prone to instability than equiaxed structure and this manifests as shear bands. 
Another very si gnific ant outcome of Sagar’s study is regarding P recrystalfisation. P 
recrystalfisation has been observed after deformation and subsequent annealing for 
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different combinations of strain rate and deformation temperat ru 

^ ure. These combinations 

of strain rate and deformation temperature are 

aurerent from those required to 

recrystallise the az phase. 


to 


In anoier smdy. Long and Rack en^loyed dynamo n^terial modeling 
examine fte high strain, elevated temperature behaviour of TfeAl-base Ti-26A1-I0N1> 
3V-1M0 alloy [59). The stmss-strain curves obtained from their study ate shown fa 
Fig. 2.9. Their restdts indicate that kfaldng of a, pfa,ete and shear band 
formation fa the (ar+P) phase field leads to unstable type of flow, whh flow 
localisation at the grain boundaries and dynamic gmin growth in the P-phase field. The 
stable flow behaviour, whenever encountered has been interpreted as due to the 
dynamic spheroidisation of the Widmansfatten Or platelets in (a..p) phase field, and 
due to the dynamic recrystallisation of p phase. 

The most recent study on the eflfect of tempemhue and strain rate on 

substructure evolution and mechanical response in Ti-24AI-I INb alloy is due to Albert 

and Gmy [60]. In their study, defonnation behaviour has been examined for 

compr^sion at both dynamic (10’s ') and quasi smtic strain rates (lO" and lO-’s"), 

The results show that the true sfress-true stmin res^nse of Tn24Al-l INb depend on 

both the apphed strafa rate and, to a lesser extent, the test temperature (Fig. 2.10 a). 

The rate of strain hardening increases wih increasing strafa rate (Fig. 2,10 b). The 

flow stress of Ti-24Al-llNb at 3% strain increases uHth 

"'ith decreasing temperature at 

both quasi-static and dynamic strain rates (Fig. 2.10 c). 
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Fig. 2.9 Typical true corrected stress-true plastic strain curves of Ti-26A1- 
10Nb-3V-lMo at (a) 1073 K, (b) 1273 K, (c) 1348 K and (d) 1473 K 
[59]. 


The high temperature deformation processing of a higher Mb containing TisAl- 
base aUoy Ti-24Al-20Nb has been carried out by Sagar et al. [61]. Their study 
identifies two distinct regions of temperature and strain rate m which efficiency of 
power dissipation is maximiim. The first region, has been reported to be due to 
dynamic recrystallisation of aa phase (1248 K, 0.1 s'*) and the second one has been 
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identified to correspond to the dynamic recovery of p phase. In addition, two distinct 
regions of processing instability one at high strain rates and the other at the low strain 
rates in the lower temperature regions have been identified, within which shear bands 
are formed. It is to be noted here that although the Ti-24Al-20Nb alloy is a two phase 
(0+B2) alloy at room temperature, high temperature deformation above 1273 K 
occurs in a two phase (a 2 +B 2 ) on single phase B2. Niobium, which increases basal slip 
in TisAl, helps in reducing the temperahjre and increasing the strain rate required for 
dynamic recrystaJlisation of aa phase. 




Fig. 2.10 (a) Dynamic deformation of Ti-24A1-1 INb at temperatures ranging ' 

from 97 K to 973 K (b) Ti-24A1-1 INb conqpressed to a large strain 
showing significant change in work hardening rate (c) Quasi-static and 
dynamic deformation of Ti-24A1-1 INb at room tenq)erature [60]. 
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2.4 Mechanical Behaviour 
2.4.1 Tensile Behaviour 

Preliminary studies on alloy development have indicated that TisAl must be 
alloyed suflSciently to stabilise the P(B2) phase in the micro structure to enhance both 
strength and ductility, and that Nb is the preferred P stabiliser. Even in such a 
microstructure, however, the aa or O phase fractures by cleavage under tensile 
loading. Factors which strongly influence the ductile-brittle behaviour of metals, such 
as grain size and the extent of localised stress concentrations at grain boundaries (as 
iofluenced by slip modes and slip character), also play a major role in deterroining the 
tensile ductility of the materials [62]. 

Gogia et al. [11] have studied the variation of yield strength and ductility with 
a 2 and B2 contents m a variety of ternary and quaternary alloys. The variation of yield 
strength and ductility as a function of a 2 volume fraction is shown is Fig. 2.1 1 (a and 
b). It has been reported by Gogia et al [11] that the B2 phase is stronger and the rule 
of mixtures is essentially obeyed for materials with duplex micro structure. The 
ductihty at low B2 volume fractions has been found relatively high (3-8%) in 
comparison to single phase ai. The B2 phase delays cleavage crack nucleation in az to 
higher strains by its ability to plastically accommodate inconyatibility stresses at azfEl 
interfeces. These distributions of B2, which avoid azlaz grain boundary contact, have 
been foimd more effective in imparting ductility. At higher voltime fractions, the B2 
phase acts as a barrier to crack extension from az. In that case, the condition for 
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fracture becomes the local stress at which cleavage cracks in a: can propagate into the 
more ductile B2 phase and therefore the ductility rises steeply in contrast to the low B2 
voliune fraction case, where the critical event for fracture is the onset of crack 
nucleation in ai. Single phase B2 of large grain size is by itself brittle because of slip 
inhomogeneity; it fractures by shear decohesion in intense slip bands. Increasing the Al 
content beyond 25% as well as Mo addition embrittles the B2 phase, rendering it less 
effective as a ductiliser. The detailed micromechanisms of fracture in TiaAl-base alloys 
is schematically shown in Fig. 4.12 [4]. 

Microstructural Response of Tensile Behaviour 
(a) p Heat Treatment 

The solution treatment above the (3-transus temperature followed by cooling 
results in the decomposition of the P (B2) phase producing microstructures 
composed entirely of Burgers oriented atIO laths. Fig. 2.13 shows that the cooling 
rate after solution treatment strongly affects ductility and strength [9, 44, 63]. While 
the yield strength increases as the lath size is refined, the ductility goes through a 
maximum- The colonies of similarly oriented atIO variants which form at slow cooling 
rates are associated with large effective slip lengths since Widmanstatten a2/B2 
interfaces are transparent to slip [35]. Thus, in the context of cleavage, the increasing 
effective grain size at slower cooling rates results in loss of ductility and strength. At 
cooling rates that are higher than the optimum, feilure is initiated at softer grain 
boundary nucleated aa, which is considerably coarser than the fine intra-granular lath 
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structure, and the critical cracks thus formed propagate instantaneously to fracture [63, 
64]. The optimum lath structure is therefore a fine basket-weave of aa/O phase 
without any noticeable grain boundary fifrn or grain boundary initiated colony 
structure. In addition, the role of alloying elements also influence the intrinsic 
properties of the (X 2 IO and B2 phases, as well as the manner in which they affect 
microstructural parameters such as grain boundary aa/O and lath distribution [65]. 




Fig. 2. 1 1 The variation of (a) yield strength and (b) elongation to feilure as a 

function of aa volume fi'action [11]. 
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Fig. 2.12 (a) Plot representing the situation with local stress concentrations at 

grain boundaries and resultant cleavage fracture at Oca before 
macroscopic ductility in single phase az, (b) Critical event for fracture 
in ttz+P (B2) alloys "with high az volume fraction, (c) The critical event 
for fracture at higher volume fractions of B2, (d) The intensification of 
the in situ stress in p (cg) by the cracks in az leading to the situation 
shown in figure (d) [4]. 
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The effect of various combinations of solution treatment and ageing 
temperature on the tensile properties of different alloy compositions [63], is 
schematically described in Fig. 2.14. Gogia et al. [65] also proposed that the strength 
of pr imar y a ( cT^ ) is independent of the solution treatment temperature, while cTp 
increases with decreasing solution treatment temperature since the amount of retained 
P increases. If the alloy composition and combination of solution treatment and ageing 
temperature are such that the secondary a 2/0 volume fraction is very high, then ap 
may almost be equal to Oa. In such a case (Fig. 2.15) the strength may not increase 
with solution treatment temperature, as shown by a simple application of the rule of 
mixtures, and may go through a maximum, as experimentally observed in some alloys. 
However, the studies of Ward et al. [67] and Kumpfert et al. [68] on a Ti-25Al-10Nb- 
3Mo-l V alloy, where ap is much higher than (Ja, indicate that the overall strength may 
increase with solution treatment temperature. 

The influence of equiaxed microstructures on ductility is not understood very 
well. Crack initiation in both primary a and transformed p, depending upon heat 
treatment has been observed [69]. Clearly, the partitioning of stress and strain 
between these microstructural constituents as well as geometrical parameters such as 
the size of the primary a 2 and the secondary laths will all influence the macroscopic 
strain at which cracks initiate in either constituent. The study of Gogia et al. [63] on 
the ternary alloys suggests that the volume fraction and continuity of retained p exert 
the- most important influence, since lower solution treatment tenperatures and higher 
ageing tenq)eratures both increase ductility. Investigations by Kun^fert et al. [58, 60] 
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and Luetjering et al. [61] reveal that excellent combinations of strength and ductility in 
these aluminides can be obtained by thermomechanical processing to refine the overall 
microstructure and by a judicious combination of solution treatment and ageing. 


2.4.2 Creep and Stress Rupture Behaviour 

The creep behaviour of TisAl-base alloys are of extreme importance especially 
for high temperature applications. The steady-state creep behaviour m the temperature 
range 873 K - 1073 K has been investigated in a variety of alloys following the original 
work on single phase TisAl by Mendiratta and Lipsitt [62]. Fig. 2.16 illustrates several 
important aspects of this feature in a number of alloy compositions. The creep 
strength of single phase ‘O’ is higher than single phase TisAl, and single phase alloys 
are, in general, having higher creep strength than their two phase ternary Ti-Al-Nb 
counterparts. The presence ofthe p phase, while contributic^ to strength and ductility, 
is found to degrade the creep resistance. The steady-state creep rate of the more creep 
resistant aluminides approaches that of INCO 718 when normalised for density, and is 
superior to the creep-resistant conventional titanium alloy Ti-1 100. 
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Massive 

with ^ preaprtation 


Fig. 2.14 Effect of microstructure and heat treatment on the strength and ductility 

of duplex structoes [4] 




Primary og volume fraction Temperature (°C) 

Fig. 2.15 (a) Tensile properties asafimctionof equiaxed a 2 volume fraction 

and ageing tenqierature in Ti-25Al-llNb and Ti-25Al-16Nb [63], 
(b) Yield strength as a function of solution treatment ten^rature in 
Ti-25Al-10Nb-3V-lMo [68] 
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A strong microstructural dependence of creep rate has been established by 
Mishra and Baneijee [42] and by Cho et al, [63]. It has been reported that the creep 
resistance decreases with increasing volume fraction of equiaxed a 2 . Two distinct 
creep processes have been identified [42] : one is associated with difiusional creep with 
a stress exponent of 1 and activation energy equivalent to that for Coble creep in pure 
Ti; the other is associated with dislocation creep with stress exponents greater than 4 
and activation energy again equivalent to that obtained for climb controlled creep in 
pure Ti. A variety of stress exponents between 1 and 4 has been reported [63-66], and 
these e}q>onents are believed to represent the transitions between these basic 
mechanisms. 

It has also been reported by Mishra and Baneijee [67] as well as Cho et a/. [63] 
that lath structures show superior creep resistance. A substantial variation in steady- 
state creep rate with lath size has been demonstrated by these authors, as shown in Fig. 
2.17 (a). While an increasing cooling rate refines the lath size, the steady-state creep 
rate goes through a minimum at an optimum cooling rate. The dependence on lath size 
is different, depending on the specific operative creep mechanisms. Since sliding of 
lath ttj/p interfaces has been demonstrated to accompany difiusional creep, a decrease 
in lath dimension leads to an increase m creep rate in the difiusional creep regime. On 
the other hand, it has been observed that pile-ups of dislocations at lath aa/p interfeces 
occur in dislocation creep. The slight increase in creep rate at fester cooling rates (Fig. 
2.17 b) is attributed to the increasing contribution of grain boundary slidiog at fine lath 
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sizes. It has also been reported that the creep resistance of non-optimised lath 
structure may be poorer than equiaxed structures. 

The results of Mishra and Banerjee also indicate that the superiority of lath 
structures in steady-state creep is carried over to stress rupture as well, although lath 
structures are generally associated with lower creep ductility. Typical curves for 
equiaxed a 2 containing 40% primary 0.2 and a lath 0.2 structure are shown in Figs. 2.18. 
A common environmental damage mechanism occurs for both lath as well as primary 
a 2 structure. Intrinsic damage mechanisms are, however, quite different for the 
different microstructures. For the lath structures, prior p grain boundary wedge 
cavitation occurs, while for the equiaxed structures, void formation at equiaxed 
transformed p interfeces is seen. It has been suggested by Ward and Balsone [70] that 
final fracture occurs as a consequence of tensile overload on the effective area that is 
undamaged by the annular enviromnentally affected ring, and therefore rupture 
resistance is related to the ability of the alloy structure to resist the propagation of the 
surface cracks in creep. 

Although stress rupture and creep resistance, equivalent to those of density 
normalised INCO 718, can be attained relatively easily in TiaAl-base alloys, the design 
of rotating compressor components in engines is often limited by creep strains of the 
order of 0.1 or 0.2%. However, the results show that such conditions are typically 
attained within the p rimar y creep span of these alloys, at specific stress levels 
comparable to those required to generate 0.1% creep in 100 hours in the INCO 718 
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alloy. Results of Rowe et al. [71] as well as Mishra and Baneijee [67] show that the 
lath structures show lower primary creep strains than the equiaxed structure. 
However, Mishra and Baneijee did not propose any quantitative dependence of 
primary creep strain on lath dimensions as observed in j5 heat treated structures, either 
in the Hiffiisinnal creep or dislocation creep regime. 



Stress (MPa) 


Fig. 2. 1 6 Steady-state creep rates as a function of stress at 923 K for a variety of 
<X 2 based and O based alloys compared with a conventional ot/p alloy 
Ti-1 100 and density-normalised data- for INCO 718 [52]. 
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Steady-state creep rate as a function of cooling rate in Ti-25A1-1 INb at 
923 K (a) in the difiusionai creep regime and (b) in the dislocation 
creep regime [77] 


2^11 aj+ P(40%a2) 
6S0*CG75MPa 
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650 *0275 MPa 


Creep curves at 923 K and 275 MPa for equiaxed a 2 containing 40% 
primary az and a lath Oa structure obtained by coolii^ at 0.7“C/s after (3 
solution treatment in Ti-25A1-1 INb [4] 
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2.4.3 Fracture Toughness and Fatigue 

In a series of papers, Chan [82-84] investigated the role of various 
micromechanisms imparting toughness. He inferred from his studies that the room 
t emp erature fracture toughness of Ti-24Al-llNb alloy is essentially derived from the 
role of the P phase in delaying the onset of microcrack nucleation m a 2 through its 
ability to relax incompatibility stresses at a 2 /p interfeces and, in blunting main crack as 
well as the microcracks. Thus, the P phase appears to play identical roles in imparting 
tensile ductility and fracture toughness. Also the continuity of the p phase around the 
grains will play a critical role in impartmg resistance against microcrack nucleation, 
while an increased volume fraction of p phase provides for increased crack blunting 
capacity. 

Since the roles of the p phase m imparting toughness and ductility are identical, 
there should exist a correlation between tensile ductility and toughness. Fig. 2.19 (a 
and b), which compare strength-toughness and strength-elongation relationships for 
different alloy compositions, indicates that such a relationship broadly exists. The 
same figure also emphasise the relatively superior strength-toughness combinations of 
the high Nb alloys Ti-25Al-17Nb-lMo and Ti-22Al-27Nb. It is likely that all three 
factors influencing toughness may underlie this behaviour: a finer lath size, a greater 
volume finction of p phase, and the major constituent phase beiog the ‘O’ phase with 
its greater number of slip systems in comparison to a 2 . Fig. 2.19 (c) indicates the 
correlation between toughness and elongation in three different alloy systems. Fig. 
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2.19 (d) shows that toughness follows the same trend as elor^ation as a fiinction of 
temperature and suggests that fracture toughness is also prone to environmental 
effects. Chan [83] suggested that the increase in toughness with temperature arises 
from propagation resistance rather than initiation resistance. 



TEMPERATURE (”C) 


Fig. 2.19 (a) Strength - Fracture Toxighness, (b) Strength - Elongation, (c) 

Elongation - Fracture Toughness, and (d) Temperature - Fracture 
To ughne ss relationships for different TisAl-base alloys [4, 15, 82-84] 
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Fatigue crack growth occurs by nucleation of microcracks within the a.i phasp; 
and their subsequent linkage [85, 86] and it has been suggested that the process of 
linkage through the P phase retards the macroscopic crack growth rate in p heat 
treated structures. The trends of reported data, as available for the basket-weave and 
equiaxed structures (20-30% primary aa) of Ti-24Al-llNb and Ti-25Al-lNb-3Y-lMo 
show that threshold for crack growth are different for the two alloys. However, no 
generalised conclusions on microstructural effects are possible in the absence of 
quantification of the relevant microstructural parameters. 

2.4.4 Superplasticity 

The presence of low ductility even at 1 173 K has been the main motivation for 
attention to superplastic forming of TisAl-base materials. Superplastic ThAl has 
mainly been febricated either through powder metallurgy route or through casting 
route followed by hot forging or hot rolling to yield fine grained microstructure. The 
maximum strain rate sensitivity and tensile elongation observed in these superplastic 
materials have been obtained within the temperature range 1223-1273 K and at strain 
rate 1-3 x lO"^ s'\ 

Yang et al. [87] have studied the superplasticity in super-a 2 alloys and found 
that the super-a 2 exhibited a maximum elongation of 570% when deformed at 1253 K 
and a strain rate of 1.5 x lO"^ s’’. The maximum superplastic elongation reported so fer 
are due to Ridley et al. [89] and Fu et al. [91]. In the study by Fu et al. performed on 
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a sheet material with the thicknesses 1mm and 2inm, a maximum superplastic 
elongation of 600% and 1500% could be obtained at 1233 K at the strain rates 2x10^- 
5x1 0"^ respectively. Ridley et al [79] studied the superplastic behaviour of super-a 2 in 
the sheet form (3 mm thick) by conducting constant cross head speed (i.e. decreasing 
strain rate) tests and achieved an elongation of 1350% at 1233 K and at the initial 
strain rate 1.7 x 10* s” . 

Several studies are aimed at examining the details of superplastic behaviour of 
a 2 base alloys. Dutta and Baneijee [92] have studied the microstructural dependence 
of superplasticity and have shown that equiaxed microstructures are amenable to 
superplastic deformation. The results of Yang et al. have revealed that (a) at high 
temperatures and/or low strain rates, the stress-strain curve showed strain hardening; 
(b) at low temperatures and/or high strain rates, the stress-strain curve showed strain 
softening due to dynamic recrystallisation and geometrical necking; (c) the activation 
energy for superplastic deformation process was calculated to be 308 kJ/mole; (d) 
transgranular fracture was the predominant mode of feilure in the super-a 2 conqwund 
and (e) super-a 2 materials did not form cavities during superplatic deformatioiL 
Results of Ghosh and Cheng [88] indicate that the regular a.z compounds work harden 
continuously and gradually during superplastic deformation which results from gradual 
grain growth, while the super-a 2 materials undergo continuous softening which might 
be related to the break down of the elongated structures. In a separate study, Cheng et 
al. [90], have attributed the rate-controlling mec hanis m to grain boundary sliding. 
Yang et al. [87] have reported the strain-induced morphological change of the az and 


48 




Chapter 2: Literature Review 


p phases during superplastic deformatioiL Their study reveals that the co-operative 
grain boundary sliding, Le. the superplastic deformation, proceeds by means of groups 
of grains shearing along the grain boundary surfaces. This could explain (a) the 
formation of irregularities on the sample surface; (b) breaking up of the a: phase; and 
(c) neck formation. In this regard, the results of Fu et al. are also very si gnificant 
which reveals that, during superplastic deformation, the lath like a 2 grains gradually 
disappear to result in more equiaxed grain structure. Recently, it has been suggested 
that textures also play a significant role in superplastic behaviour of these alloys [91]. 

2.5 Texture 

The study of texture evolution during processing has received very little 
attention in spite of the fact that sheet applications of (Xi alloys have been envisaged 
both in composite and in monolithic form. Out of the existing informations, the most 
comprehensive one is due to Hon et al. [93]. The results of their investigation indicate 
that the deformation behaviour of a 2 is closely related to the formation of basal 
texture. Decreasing the rolling temperature and increasing reduction ratios both 
sharpen (0002)[2020] texture. The conipressive deformation during rolling tends to 
cause the (0002) slip plane to become parallel to the ro lling plane. Simultaneously, 
the tension along the rolling direction makes the az grains to slip in the <a> direction. 
Sharp basal textures are associated with low yield strength and ductility as high as 10% 
even in a Ti-25Al-10Nb alloy with very httle or no p phase. This has been attributed 
to the greater ability of the textured grains to accommodate grain boundary stress 
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concentration without the operation of five independent slip systems. Another study 
by Knorr and Stoloflf [94] involved the effect of heat treatment on hot cross-rolled 
sheets of Ti-24A1-1 INb in (aa+P) and p phase fields. 

It has been reported [94] that heat treatment in (az+p) phase field alters the 
texture only mar ginally ^ that too with respect to intensity and not the main component. 
The principal texture components of the heat treated material remain the same as in the 
as-rolled material. Little intensification of texture is however reported for annealing at 
relatively higher temperatures such as, 1273 K followed by cooling to room 
temperature. 

Knorr and Stolofif [94] reported a more substantial modification of texture is by 
annealing in the P-phase field followed by cooling to room temperature. The resulting 
Widmanstatten microstructure has been associated with the sharp texture thus obtained 
(Fig. 2.20). The sharper cornponent, however, is superimposed on a low intensity, 
random backgroimd texture component which is present in all the (az+p) heat treated 
equiaxed materials. 

Mao et al. [95], who e xamine d the textural changes on compression at 1023 K, 
have shown that {0001} < 1120 > and {1121} < 1126 > slip systems are the most 
active slip systems and these orientations result in a fibre texture with {0001} planes 
located at an angle of about 30° to the conpression plane. The optimum ratio of 
critical resolved shear stresses between the slip systems {0001} <1 120 > and 
{1121} < 1126 >, necessary for this kind of a texture, has been estimated to be 1:2. It 
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has also been reported that {1100}<1120> could be activated in very limited 
orientation space and result in very weak {1120} fibre texture. The overall texture axe 
weak and it has been explained to be due to some recovery process. 

In addition to the texture of h.c.p. ai phase, a couple of studies have also been 
directed to the texture of (0+B2) structured TijAl-Nb alloy. These alloys beii^ more 
amenable to rolling processes, these could be rolled to foils even by conventional 
rolling processes. Studies of Rhodes et al. [85] on Ti-22Al-23Nb alloy indicate that 
moderate p phase texture {100} <011> develops during hot rolling which persists 
during cold rolling. The texture intensities get reduced in the cold rolled foil as 
compared to the starting texture. This has been explained as due to non dependence of 
room temperature deformation on the startup texture. However, this study does not 
reveal any clear information regarding the textvue components in the ‘O’ phase. 
Another study by RoUett et al. [86] on the texture and anisotropy of Ti-22Al-23Nb 
aUoy, shows that the cubic phase (P/B2) texture is typical of b.c.c. rollii^ texture that 
is domioated by the {001} < 1 10 > component. 
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2.6 Scope of the Present Investigation 

Although substantial amount of research work has already been carried out on 

the development of TisAl-base alloys and also its assessment with regard to the 

processing and property aspects has thoroughly been done, a systematic study of 

evolution of textures remains to be carried out. As it has already been stated earher, 

the knowledge of textures in these materials is of utmost importance, particularly when 

the applications of this material are mostly being projected m the sheet form. With this 

view, the present investigation has been aimed at studying the evolution of textures 

during various stages of thermomechanical processing of the TisAl-base alloy Ti-24A1- 

llNb. Since the basic phenomenon involved in thermomechanical processing are 

deformation, aimealing and phase transformation, a study of their role on textures has 

been the guideline for defining the domain of present investigation. Further, it has 

been stated that h.c.p. materials with a good basal texture (0001)<uvtw> are likely to 

possess good forming characteristics, Special attention has been focused on examining 

^ ™ '' ' ' " 

the possibilities of the development of the basal (0001)<uvtw> texture as well as its 

stability during different stages of processing. The results obtained firom various 

ejqperimental observations have been correlated and discussed. 

f' 

, r- 
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3.1 Starting Material 

The starting material used in the present investigation was supplied by The Defence 
Metallurgical Research Laboratory, Hyderabad (INDIA). The as-received material was in 
the form of a 600 gram pancake made by consumable electrode arc melting. A Ti-Nb 
master alloy and high purity A1 were used for naaldng the alloy. The chemical 
coreposition of the as-received pancake is given in Table 3.1. 

Table 3.1 Chemical conposition of the alloy 


Al(at.%) 

Nb(at.%) 

0 

N 

H 

Ti 

24.60 

12.39 

650 ppm 

80 ppm 

28 ppm 

Balance 


The pancake was cut into rec tang ular pieces of size 30 mm X 20 mm X 10 mm. 
The surfeces of these pieces were machined to make them perfectly smooth and flat These 
were used for subsequent thermomechanical processing. 

3.2 Thermomechanical Processing 

Elaborate thermomechanical processing was carried out on the ©qjerinental alloy 
in the present investigation. This involved controlled hot rolling along with annealing 
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treatment in between successive passes. After the finish rolling pass, the sanqiles were 
either water quenched or fiimace cooled to room tenq3erature. A few hot roUed sanqiles 
were also subjected to further annealing. 

3.2.1 Hot Rolling 

The coupons for hot rolling were coated with some organic material known as 
Delta Glaze (trade name) for prevention of oxidation during high temperature processing. 
The coated coupons were soaked at different tenperatures in specially designed high 
ternperature furnace kept very close to the rolling mill. A protective atmosphere of argon 
gas was maintaine d within the furnace. The furnace had a constant tenperature zone of 1 5 
cm in length and was heated by silicon carbide rods. The furnace tube was made up of 
inconel, and was closed from one end. Argon gas was introduced in the furnace through a 
4 mm diameter stainless steel tube passing through the closed end of the furnace chamber. 

Hot rolling was carried out in a 2-high laboratory rolling mfll having 135 mm 
diameter rolls. The speed of rotation of the rolls was kept as 55 r.p.nL m all the 
experiments. The rolls were not pre-heated before carrying out the hot rolling operation. 
Prior to hot rolling, the samples were placed on a perforated inconel tray, and then pushed 
carefulfy into the hot zone of the furnace maintained at the required tenperature. After 
soaking upto 30 minutes at the desired rolling tenperature, the sanples were taken out and 
quickfy- fed to the feeding end of the rolling milL After each pass the sanples were put 
back into the fiimace for 5 minutes so that they re-attain the rolling tenperature. The M 


55 




Chapter 3 : Experimental Procedures 


in temperature during the whole process was estimated and found to be negligible. The 
above sequence of operations were repeated till the samples acquired the final desired 
thickness. Rolling was kept strictly unidirectional The amount of reduction per pass 
varied from 10% (in the initial passes) to 20% (in the final passes). After the finish rolling 
pass the samples were kept back in the furnace for 5 minutes and then allowed to furnace 
cool to room tenqperature. In some cases the samples were water quenched after the finish 
rolling pass. The details of the thermomechanical processing schedule are shown in Fig. 
3.1. 


Nearfy 1/8 th of the thickness of the hot rolled sanples was removed from both the 
suifoces by grinding and then it was subjected to pickling in 10% HNO3 + 5% HF solution 
for nearly 4 hrs at 323 K The pickled str^s were cleaned by belt grinding and emery 
polishing before further investigation. 

3.2.2 Heat Treatments 

As mentioned earlier, a few of the hot rolled strips were annealed at desired 
tenperatures for different periods of time. These heat treatments were carried out in the 
same furnace described above. After the required ten: 5 )erature was attamed, the specimens 
were inserted into the constant temperature zone of the furnace and the open end of the 
furnace was closed with an O-rmg fit ting. The heat treatments were done under a 
continuous flow of argon atmosphere. The heat treatments followed in the present 
investigation can be classified into two categories: 
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(i) Heat treatments to study the effect of anneaUng on textures and 
microstructures 
Isochronal Annealing 

Initklfy the as-cast and heat treated material (24 hrs at 1 173 K, followed by furnace 
cooling) which was rolled at 1 173 K to 80% thickness reduction and then quenched, was 
subjected to heat treatment for 1 hr duration at tenq^eratures ranging from 1073 K to 1293 
K at about 50 K intervals. After completion of the treatments, the sanq)les were water 
quenched again. X-ray diflSaction (XRD), texture and microstructural characterisations 
were carried out on these specimens in order to have an overall idea of the effect of 
annealing on the stability of textures and microstructures of the hot rolled sanqjles. 
Isothermal Annealing 

After determining the response of the samples to different annealing tenqjeratures, 
the material was subjected to isothermal anneal at 1 173 K fcr time durations ranging from 
15 mmutes to 12 hours. The starting materials in the present case were the same as the 
ones used for the isochronal anneal, that is, the as-cast and heat treated material vriiich was 
rolled at 1173 K to 80% thickness reduction fi)llowed by water quenching. As in the 
previous case, the specimens were water quenched again after the heat treatments. 

(ii) Heat treatments to study the effect phase 

transformation on textures and microstructures 

The materials furnace cooled to room tenq)erature fiom the as rolled conditions 

(only 80% rolled sanqjle) were treated as the starting mataial for this study. All the three 
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Hiffprffnt types of microstmctures, namely, Widmanstatten, equiaxed and heavily defermed, 
as obtained after rolling at 1373 K, 1293 K and 1173 K respectively, were subjected to 
heat treatments at 1373 K, 1293 K and 1173 K in order to examine the stmctural and 
microstructural stabilities for given periods of time. After the completion of the desired heat 
treatment, the furnace was switched off but the argon flow was continued till the 
tfiTnp erature was brought down to room temperature. 

The overall processing schedules as described above are shown schematicalty in 
Figs. 3. 1 (a, b). Fig. 3.2 and Fig. 3.3. 

3.3 Characterisation Techniques 

The characterisation techniques used in the present investigation include 
microstructural characterisation, structural characterisation, characterisation of texture and 
mechanical testing. The experimental techniques employed for these characterisations are 
described in the subsequent sections. 

3.3.1 Microstructural Characterisation 

Optical Microscopy 

The samples for optical microscopy were cold mounted and polished on emery 
papers ( 0 to 4 grades ) followed by wet polishing with alumina powders of sizes 1 pm, 0.3 
pm and 0.05 pm respectively. The polished samples were etched with KroH's etchant (2% 
HF + 3% HNO3 + 95% H2O). Microstructural observations were carried out on the 
longitudinal section of the specimens using a LEITZ Metallux optical microscope. 
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As Cast Alloy 

i 


Multipass Rolling 
at 

i 



1173 K 1293 K 1373 K 1523 K 



Fig 3.1(a) Flow chart depicting schedule I for thermomechanical processing 
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As Cast Alloy 

1 

Heat Treatment at 1173 K, 24 hrs, Furnace Cooled 


Multipass Rolling at 1173 K 


Rolling Reductions 



50% 70% 80% 



Water Quenched 


Fig 3 . 1 (b) Flow chart depicting schedule 11 for thermomechamcal processing 
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As Cast Alloy 


Heat Treatment at 1173 K, 24 hrs, Furnace Cooled 


Multipass Rolling at 1173 K 
to Rolling Reduction 80%, Water quenched 



W ater Quenched W ater Quenched 


Fig 3.2 


Fbw chart showing the schedule for annealing studies 
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As Cast AUoy 


Multipass Rolling at 



1173 K 1293 K 1373 K 



Roiling Reduction -50%, Furnace Cooled 


Heat Treatment at 



1173 K 1293 K 1373 K 

(24 hrs) (24 hrs) (24 hrs) 



Furnace Cooled 


Fig 3.3 Flow chart showing the schedule of heat treatment for phase transformation 
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Quantitative metaflogr^hy was carried out using swift counting method. For each 
of the sanc 5 )les measurements were done from nine microsttuctures. 

Scanning Electron Microscopy 

Most of the microstructural characterisation in the present investigation was carried 
out a Scanning Electron Microscope (JEOL-JSM 840 A). For this purpose, the 
samples were first polished and then electropolished in the usual manner. The electrolyte 
consisted of a 6% perchloric acid solution in methanol The solution was kept at a 
tenperature 223 KL Etchant was carefioUy avoided to prevent the formation of any artifrict, 
if any. The polished samples were seen under the SEM operated at 25 kV using mainly the 
back scattered electron (BSE) mode. 

Transmission Electron Microscopy 

In order to examine the finer microstructural features, selected number of specimens were 
subjected to transmission electron microscopy. For this purpose, thin foils were prepared 
from the rolling plane as well as the longjtudinal sections of the specimens. Foil 
preparation involved mechanical thinning to a thickness of ~10 pm, punching of 3 mm 
discs and finally electolytic jet polishii^ leading to suflScient tranq)arent area in the discs. 
Jet polishing was carried out in a FISHIONE Twin Jet Polisher using the electrofyte 
consisting of 30 ml perchloric acid, 175 ml it-butanol and 300 ml methanol maintained at a 
tenperature of 248 K. The foils were examined under a JEM 2000FXII JEOL 
Transmission Mcroscope operated at an accelerating voltage of 160 kV. A few of the 
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thin foils were also examined under a PHILIPS EM300 Transmission Electron Mcroscope 
operated at 300 kV. 


3.3.2 X-Ray Characterisation 

M the as-processed samples, including the starting material, were subjected to 
extensive x-ray examination using normal Bragg Scan. XRD profiles were recorded finm 
polished surfeces of the specimens using a SEIFERT ISO-DEBYEFLEX 2002 X-ray 
Dffiactometer operated at 30 kV with Cu^a radiation. A few samples were subjected to 
continuous rapid scanning within the range (20) of 20° -100°, while others were subjected 
to slow scanning near and at the peak positions. The measurement paranoeters are as 
follows : 


Rapid Scanning 

Voltage 

Current 

Scanning Speed 
Chart Speed 

Time Constant 
Counts per minute 

30 kV 

20 mA 

3°/min(in20) 

3 cm/min 

10 sec 

5K 

Slow Scanning 

Voltage 

30 kV 


Current 

20 mA 


Scanning Speed 

0.3° / min ( in 20 ) 


Chart Speed 

0.6 cm/ min 


Time Constant 

10 sec 


Counts per minute 

5K 


M 
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In order to have consistency, all the ejqjeriments were performed a fixed 
beam dimension. To avoid the instrumental error, the difBractometer was initially calibrated 
with a standard silicon single crystal specimen. 

3.3.3 Characterisation of Texture 

For a cubic material, the crystallographic texture of a rolled polycrystalline sheet is 
usually represented as {hkl} <uvw>, where {hki} set of planes of the crystals are parallel to 
the rolling plane and <uvw> set of directions are along the rolling direction. The texture of 
a particular specimen may also consist of a number of conponents. Texture data firom a 
specimm are generally represented with the help of pole figures [98]. A pole figure 
actual^ contains all the information regarding the texture conqwnents of a particular 
materiaL However, the information given by pole figures is qualitative or at best semi 
quantitative in nature. A much more comprehensive and quantitative description of texture 
can be given with the aid of Orientation Distribution Function (ODF) technique. 

An ODF actually describes the firequency of occurrence of orientations in the three 
dimensional (Euler) orientation space. The Eider space can be defined by three Eider 
angles (j)i, ^ and These angles constitute a set of three consecutive rotations which 
transform the sample firame S to crystallite fiame C, as djown in the Fig. 3.4 [99]. From 
the figure, it is readily understood that a particular texture corr^jonent {hkl} <uvw> can be 
coixpletely represented by a point (j), (}i 2 ) in the Eider space. Quite naturally, eadi 
con:qx)nent of texture has a distinct position in the orientation space. As a result, a 
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quantitative analysis of texture is possible, with a much better resolutioa Fig. 3.5 shows 
the schematic diagram of the Euler space [100]. Mathematical methods are a-vailable for 
calculating ODF from several experimentally determined pole figures. The most widely 
accepted methods are those proposed independently by Bunge [101] and Roe [102], who 
used generalised spherical harmonic functions to represent the orientation distributions. A 
through mathematical treatment of the ODF can be found m the texts by Bunge [103, 104]. 
The Bunge notation [101] is the more common and this has been used throughout in the 
present investigation unless otherwise stated. For the cubic crystal symmetry, the 
orientation space is defined by three orthogonal axes <j>i, (j) and <|)2, each r anging from 0° to 
90°. This total volume is divided into three basic ranges in which each orientation appears 
only once. The value of the orientation density at each point is the intensity of that 
orientation in mult^les of the randonL 

The maxima of the pole density variations can be described as s ingle peaks or fibres 
[105]. In case of peak type texture, the maxima can be described by assuming a 
crystallographic plane (hkl) perpendicular to the normal direction ND and a crystallogr^hic 
zone axis [uvw] parallel to the rolling direction RD. The fibre types are defined by an 
orientation rotated around a given axis with the intensity along the fibre being constant. 

Texture in a rolled pofycrystalline hexagonal material is represented as 
{hkil}<uvtw>, where {hldi} is the crystallographic plane of the grains which He parallel to 
the rolling plane, and <uvtw> the direction that lies parallel to the rolling direction The 
orientation space for an h.c.p, material extends over (j)i = 0° to 90°, <j) = 0° to 90° and ([>2 = 




0" to 60”. Although in the present work, the orientation distribution functions have been 

plotted for all the -In sections at 6 ” intervals, however, the analysis has been carried out 

. , • tva. tK = 0 ° and 30° sections as most of the important orientations appear in 

mainly using me 4^2 

these two sections. Contrar>' to the cubic case, the representation of the hexagonal texture 
components depends upon the c/a ratio of the material The major orientations appearing 
in the above two <j). sections, as calculated for titanium (c/a=l .601), are shown in Fig. 3.6. 



Fig. 3.5 


Schematicrepresentationof three Euler angles K <1)2; (a) ^men 

frame S and crystalline frame C, (b) Transfoimation of specimen frame mto 
crystalline frame [99] 
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Fig.3 .5 Schematic presentation of Euler Space [ 1 00] 


In order to calculate the ODFs of the hexagonal a 2 phase, data obtained fix»m the 
measurement of six pole figures, nanaely, (2020), (0002), (2021), (2022), (2240), 
(2023) were enployed. Out of these, the pole figure (0002) was conqjuted fi'om the data 
obtained from the other five measured pole figures. This was done to avoid the possibility 
of error in measurement, which is likely to be caused by the overlap of the (1 10) peak of 
the p phase with the (0002) peak of a 2 . The series expansion was carried out upto Imm 









Chapters : Experimental Procedures 


=30. The ODFs fiom the b.c.c. P phase were plotted from the data of four pole figures, 
namefy (200), (21 1), (220) and (222). In this case the ODFs were computed upto lmax=22. 
In all the ODF confutations, positivity corrections were enf loyed. All the measured 
pole figures were recorded fix)m the mid-thickness section parallel to the rolling plane of all 
the specimens. A SEIMENS CRYSTALLOFLEX D-5000 texture goniometer with Mo 
ka radiation was used fr)r this purpose. 

3.3.4 Hardness Testing 

Vickers’ Hardness measurement was carried out on the longitudinal sections of a 
few of the as-rolled specimens usir^ a SHIMADZU Hardness Tester. The dimensions of 
the indentations were measured with the help of microscope attached, to it. Minimum 10 
indentations were taken from each sample for calculating the average value m terms of 
Vickers’ Hardness Number (VHN). 
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Chapter 4 


Evolution of Texture and 
Microstructure during Hot Rolling 


As discussed in chapter 1, Ti-24Al-llNh intermetallic alloy generally consists 
of two phases namely, ai and p or B2. For reference, the TisAl-Nb pseudo binary 
phase H fa gram [4] is shown in Fig. 2.2. It is clear from this diagram that in the ThAl- 
Nb alloy, the volume fraction of ai decreases with increasing temperature and above 
the P-transus temperature, the aj phase gets fully transformed into p. The volume 
fraction of ai and p phases are expected to be roughly equal at -1293 K. Below this 
temperature the volume fraction of a 2 increases, and as indicated by the steep slope of 
the ai solvus line in the TisAl-Nb phase diagram, it gets stabilised at the maximum 
value of -85% at 1173 K. Hot rolling of the alloy at different temperatures below the 
P-transus temperature, therefore, involves the deformation processing of different 
mixtures of a 2 and p phases. The plastic properties as weU as the recrystallisation 
behaviour of the a 2 and P phases are reported to be different at different tenperatures 
and strains [4]. Due to all these aforesaid reasons, the hot deformation behaviour of 
TiaAl-Nb alloy is expected to vary with temperature in the (a 2 +P) phase field in a 
complex manner. 

Thermomechanical processing of the alloy is, therefore, expected to produce a 
variety of micro structures and textures, depending on the temperature of processing 
and the amount of deformation as well as the cooling rate from the deformation 
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temperatxire. The results of the present investigation on the evolution of texture and 
microstructure during hot rolling of the experimental ThAl-Nb aUoy are described in 
the following sections. 


4.1 Microstructure 

The microstructure of the as-cast material, shown in Fig. 4.1 (a), consists of 
coarse |3(B2) grains. The internal structure of P(B2) grains consists of Widmanstatten 
and coarse a 2 . A quantitative determination of volume fractions of the constituting 
phases reveals that the at and P(B2) phases occupy nearly 70% and 30% respectively 
in the microstructure. 

Since the as-cast structure of the alloy comprised of non-equilibrium volume 
fractions of the two phases, the cast alloy was given a heat treatment at 1173 K for 24 
hours followed by fiimace cooling. The microstructure of the heat treated material is 
shown in Fig. 4.1 (b).. The phase fractions deter min ed for this material showed the 
near attainment of equilibrium volume fractions, namely, -85% of at and -15% of the 
P phase, within the limits of accuracy of the quantitative metaUographic method 
employed (Table 4.1). 
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Microstnicture for the heat treated material 


73 







Chapter 4 : Evolution of Texture and Microstructure... (Results) 


Table 4.1 Phase fractions after different processing conditions as determined by 


quantitative metallography 


Sample 

Vol. Fraction 

(%) a2 

Vol. Fraction 

(%) (3 

As-cast 

69.9 

30.1 

Heat Treated (HT) 

84.6 

15.4 

RoUed at 1 1 73 K (50 %), WQ 

71.8 

28.2 

RoUed at 1 173 K (70 %), WQ 

69.0 

31.0 

RoUed at 1 173 K (80 %), WQ 

72.9 

27.1 

RoUed at 1293 K (50 %), WQ 

53.8 

46.2 

RoUed at 1293 K (70 %), WQ 

54.7 

45.3 

RoUed at 1293 K (80 %), WQ 

46.6 

53.4 

HT and RoUed at 1 173 K (50%), WQ 

82.0 

18.0 

HT and RoUed at 1 173 K (70%), WQ 

81.8 

18.2 

HT and RoUed at 1 173 K (80%), WQ 

80.3 

19.7 


4.1.1 Rolling of the as-cast and heat treated material 
at 1173K 

Hot rolling of the as-cast material at 1173 K produces significant 
microstructural c hang es as a fimction of the amount of deformation imparted (Figs. 4.2 
a-c). It is apparent from these microstructures that a rolling reduction of 50% leads to 
the rotation of at platelets in order to bring them along the rolling direction. Further 
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reductions cause fragmentation of these platelets and the distribution of ai phase 
becomes bimodal. An overall reduction of 70%-80% produces a drastic refinement of 
the microstructure resulting in submicron grain size. In addition, deformation bands, 
which are characteristic of heavy deformation, also appear in the microstructure. The 
TEM micrographs of the 50% deformed material (Fig. 4.3 a) shows a typical cell- 
structure. Sometimes, small areas showing signs of recovery are also seen (Fig. 4.3 b). 
The TEM micrograph from the rolling plane section of 80% rolled specimen 
sometimes reveals the presence of micro bands (Fig. 4.4 a). At some places subgrain 
formation processes are also noticed indicating the onset of recovery processes (Fig. 
4.4 b). In ail the above cases, the samples were water quenched to room temperature 
after hot rolling. 

When the specimens are furnace cooled to room temperature after hot rolling, 
the volume fraction of phase increases and more or less gets stabilised to the 
equilibrium volume fraction at that temperature. However, the signs of deformation 
are still very much present (Fig. 4.5 a). The TEM micrographs from the samples hot 
rolled 50% at 1173 K, followed by furnace cooling show features corresponding to 
both highly deformed (Fig. 4.6 a), as well as and partially recovered (Fig. 4.6 b) 
regions. The TEM micrographs from the 70% rolled and furnace cooled sample also 
show signs of heavy deformation in the ai phase (Fig. 4.7 a), and extensive recovery 
at places (Fig. 4.7 b). The TEM micrographs for both these above cases are taken 
from the longitudinal sections of the rolled sheets. TTie relevant TEM micrographs 
from the ro lling plane section of the 80% rolled sanqsle (Fig. 4.8 a and b) exhibit 
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features characteristic of an advanced stage of recovery as well as the very early stage 
of recrystallisation. From the above it is quite apparent that furnace cooling leads to 
much more extensive static recovery followed by recrystalhsation, as compared to 
water quenching. 

A prior heat treatment at 1 173 K for 24 hrs followed by furnace cooling results 
in the maximisation of the a .2 phase, as predicted by the phase diagram. Fig. 4.9 (a to 
c) show the microstructures of the heat treated material after rolling at 1173 K by 
50%, 70% and 80% reductions respectively followed by water quenching. The volume 
firaction of the ai phase has been estimated to be ~85% in the heat treated material 
which is much higher than the volume fraction of aj (~70%) in the as-cast material. 
As revealed from the microstructures, increasing rolling reduction of this material from 
50% to 80% leads to a gradual refinement of the microstructural features. The TEM 
micrograph (Fig. 4.10) of the 50% rolled material shows the beginning of cell 
formation. A high density of cells is observed after 80% deformation (Fig. 4.1 1 a). At 
this stage, some isolated regions also show the signs of recovery (Fig. 4.1 1 b). 
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Scanning Electron Micrograph of the materials rolled at 1 173 K to (a) 
50%, (b) 70% and (c) 80% from the as-cast state (all water quenched) 
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Fig. 4.3 Transmission Electron Micrographs from rolling plane section of the 
1 1 73 K rolled (water quenched) material upto 50% reduction showing 
(a) tjpical cell structure and (b) isolated recovered regions 
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Fig. 4.5 SEM Micrographs of the as-cast material rolled to 80% reduction at (a) 
1 173 K, (b) 1293 K, (c) 1373 K and (d) 1523 K (all furnace copied ) 


80 






81 





Chapter 4 : Evolution of Texture and Microstructure... (Results) 







Chapter 4 : Evolution of Texture and Microstructure.^ (Results) 




Fig. 4.8 TEM Micrographs from the ro lling plane section of the specimen rolled 
at 1173 K (furnace cooled) to 80% reduction, showing (a) advanced 
stage of recovery and (b) earfy stage of recrystallisation 
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Fig. 4.9 SEM Micrographs of specimens heat treated at 1 173 K (24 hr^ 

furnace cooled) and then rolled at 1 173 K to (a) 50%, (b) 70% 
and (c) 80% reduction (all water quenched) 
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Fig. 4. 1 0 TEM Micrograph from the rolling plane section of the material heat 
treated and 1173 K rolled (water quenched) upto 50% reduction 
showing the beginning of the cell fonnation 
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Fig. 4.11 TEM Micrographs from the rolling plane section of the material heat 
treated and 1173 K rolled (water quenched) upto 80% reduction 
showing (a) high density of cells and (b) isolated regions of recovery 
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4.1.2 Rolling of the as-cast material at 1293 K 

Figs. 4.12 (a to c) show the scanning electron micrographs taken from samples 
rolled at 1293 K by 50%, 70% and 80% rolling reductions. At lower degree of 
deformation, say 50%, the a .2 platelets rotate to some extent towards the rolling 
direction. With the increase in the amoimt of deformation, the grain morphology as 
well as the volume fraction of the constituting phases undergo a gradual change. The 
ai grains are found to have a tendency to acquire an equiaxed morphology; the 
process however, remains incomplete. The volume fraction of p phase increases with 
deformation as a result of the availability of larger a 2 /p grain boundary region available 
for the nucleation of p. After 80% rolling reduction, the volume fraction of P phase 
further increases and attains more or less the equilibrium volume fraction predicted by 
the phase diagram for this temperature. Another noticeable observation at this stage is 
the presence of long stringers of the <X 2 phase. Presunoably, after 80% deformation, 
some of the a 2 phase undergoes recrystaUisation. The general structural features from 
a highly deformed region of the sample roUed 50% at 1293 K are shown in Fig. 4.13 (a 
and b). The selected area diJB&action (SAD) pattern corresponding to the area in Fig. 
4.13 (b) indicates a zone of the a 2 phase . The extent of recovery of the 0.2 phase is 
more prominent in the TEM micrograph of the 80% rolled mataial (Fig. 4.14 a). 
While the a 2 undergoes extensive recovery, the p phase exhibits signs of heavy 
deformation (Fig. 4.14 b). 
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The microstructure of the specimen furnace cooled from this condition (80% 
rolling deformation at 1293 K) shows a completely equiaxed kind of morphology for 
a 2 with p phase present at the triple point of the grains (Fig. 4.5 b). The a 2 phase 
appears to be in a very advanced stage of recoveiy^ and there are signs of 
recrystallisation of a 2 at many places. This is possibly due to the sample remaining at 
temperatures above 1 173 K for substantially longer periods of time during the process 
of slow cooling. A series of TEM micrographs taken from thin foils of this specimen 
(Figs. 4.15 a-d) depict the microstructural features of ai at this stage. Fig. 4.15 (a) 
indicates the onset of recovery, while Fig. 4.15 (b) shows an aggregate of small 
subgrains coalescing to form a bigger grain that has developed a sharp boundary with 
the adjacent cold worked and recovered regions. Figs. 4.15 (c and d) show well 
delineated recrystalJised grains. The P phase at this stage, shows the signs of recovery 
(Fig. 4.16 a). At the same time, some secondary a 2 platelets also appear within the 
recovering P (Fig. 4.16 b). 

The volume fractions of the a 2 and P phases in the as-processed materials after 
water quenching, as measured by quantitative metallographic method, are already 
presented in Table 4.1. 
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Fig. 4. 1 5 TEM Micrographs showing the substructural features of ai phase in the 
material rolled at 1293 K to 80% reduction and furnace cooled showing 
fa) onset of recovery, (b) an aggregate of small subgram coalescing to 
form bigger grains and (c, d) well delineated recrystaUised grains 
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Fig. 4. 1 6 TEM Micrographs showing the substructural features of the p phase in 
the material rolled at 1293 K to 80% reduction ( furnace cooled ) 
showing (a) signs of recovery in p and (b) nucleation of fine ai platelets 
in recovered P 
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4.1.3 Rolling of the as-cast material at 1373 K 

At this temperatxire, the material consists mainly of the P phase. The transm 
lies very close to the working temperatiu-e ( 1373 K + 10 K ). The optical 
microstructure of the 80 % deformed samples, after water quenching from the hot 
rolling temperature of 1373 K, is shown in Fig. 4.17. Clear-cut P grains with features 
similar to deformation bands inside the grains are observed. The fine lines seen in the 
optical micrograph is unlikely to represent the (Xi phase, which are much finer as will 
be evident from the TEM micrographs. Figs. 4.18 (a to d) show typical TEM 
microstructures from the 50% deformed sample. A highly deformed and dislocated 
area from the p phase can be seen in Figs. 4.18(a and b). There are also a few oli 
platelets formed during quenching. Fig. 4.18(c) shows a highly recovered p region. In 
some areas larger primary at platelets can also be seen in association with deformed P 
(Fig. 4.18 d). The TEM micrographs of the 80% rolled sample typically show colonies 
of fine secondary az platelets in highly recovered p regions (Figs. 4.19 a and b). 

The SEM microstructure for the 1373 K rolled (80%) and furnace cooled 
material as given in Fig. 4.5(c) clearly shows reasonably large transformed secondary 
az grains with some p at the grain boundaries. Some P is' also seen to penetrate inside 
the az platelets leading to partially globularised features of the transformed az. Fig. 
4.20 shows a TEM micrograph from the longitudinal section of a sample rolled 50 % 
at 1373 K and then furnace cooled. Fully recrystallised az regions separated by thin 
ribbons of P can be seen in the micrographu The TEM micrographs of the sanple hot 
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rolled 80% at 1373 K, followed by tumace cooling show fully recrystallised (Fig. 4.21 
a), and partially recrystallised as well as highly recovered 0.2 regions (Fig. 4.21 b). At 
the same time, precipitation of fine secondary platelets within recovered p regions 
can also be seen (Fig. 4.22). 



Fig. 4. 1 7 Optical Micrograph of as-cast and 1 373 K rolled material with 80% 

reduction (water quenched) 
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TEM Micrographs from the rolling plane section of the ’material rolled 
at 1373 K (water quenched) to 50% reduction showing (a) a highly 
deformed and dislocated area of P, (b) a few fine aa platelets formed 
during quenching (c) a highly recovered P region and (d) a few larger 
(Xt platelets in association with deformed p 
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Fig. 4.19 TEM Micrographs from the rolling plane section of the material rolled 
at 1373 K to 80% (water quenched) reduction showing (a) colonies of 
fine secondary a 2 platelets in highly recovered p regions and (b) high 
degree of alignment of secondary a: platelets within recovered p 
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Fig. 4.20 TEM Micrograph from the longitudinal section of material rolled 
at 1373 K to the reduction 50% (furnace cooled) showing flilK' 
recrystaUised 0.2 regions separated by thin P ribbons 
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Fig. 4.21 TEM Micrographs from the rolling plane sections of material rolled at 
1373 K to '80% reduction (furnace cooled) showing (a) My 
recrystallised az and (b) partially recrystallised az 


101 



Chapter 4 : Evolution of Texture and Microstructure... (Results) 



Fig. 4.22 TEM Micrograph from the rolling plane sections of material rolled at 
1373 K to 80% reduction (furnace cooled) showing fine secondarv' 
a 2 platelets within recovered [3 regions 
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4.1.4 Rolling of the as-cast material at 1523 K 

The temperature of 1523 K is nearly 150 K above the p-transus; therefore the 
material at this temperature is likely to consist of the P phase only. The optical 
microstructure of the material rolled at 1523 K to 80% reductions, followed by water 
quenching is shown in Figs. 4.23. Evidently, the P grains coarsen during soaking prior 
to rolling as well as during intermediate annealing treatment between the successive 
rolling passes. Fig. 4.24 represents the micro structural features of the 50% rolled 
specimen as seen under TEM. It can be seen that the deformation is localised into slip 
bands within the rather clean P matrix. 



Fig. 4.23 Optical Microstructure of material rolled at 1 523 K from the as-cast 
condition to the reduction of 80% 
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A series of TEM micrographs taken from the rolling plane section of the 80% 
deformed material are shown in Figs. 4.25 (a to d). These micro structures illustrate 
the effects of various kinds of static/dynamic phenomena that might be occurring inside 
the material during processing. Fig.4.25 (a) represents an overall view, while Fig.4.25 
(b) shows the formation of subgrains inside the material. Figs. 4.25 (c and d) exhibit 
some of the intra-subgrain features. 

The material furnace cooled from 1523 K after the finish rolling pass shows a 
true Widmanstatten microstructure. Fig. 4.5 (d) shows the SEM view of the 80% 
rolled material followed by furnace cooling. Randomly oriented laths of ai phase in [3 
can be very clearly seen in the microstructure. A typical TEM micrograph of the 
material at this stage (Fig. 4.26 a) clearly shows the secondary a 2 grains separated 
from one another by thin ribbons of p. A higher magnification micrograph taken from 
an a 2 grain (Fig. 4.26 b) shows the substructure within. 

The Vickers’ Hardness Test results for P processed materials are given in Table 
4.2. These results seem to be in conformity with the microstructural states of the 
materials for both the respective processing conditions. 
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Hardness 
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Fig. 4.25 TEM Micrographs from the rolling plane sections of the 1523 K rolled 
specimen to the reduction 80% (water quenched) showing (a) an 
overall view of the substructure, (b) formation of subgrains and (c, d) 
intra-subgrain features 
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4.2 X-ray Diffraction Profiles 

4.2.1 Starting Material 

The X-ray diffraction pattern fi-om the as-cast alloy is shown in Fig. 4.27(a). In 
addition to the peaks due to diffraction from the h.c.p. ai phase, a few peaks 
corresponding to the b.c.c. (5 phase can also be identified in the pattern. For the 
reference, the X-ray diffraction pattern fi:om a powdered and annealed specimen is also 
shown in Fig. 4.28. A comparison of the intensities of the lines fiom at in the as-cast 
material corresponding with the intensities reported for the random powder sample 
reveals that the as-cast material has a strong (0002) basal texture. This is evidently 
produced during the process of solidification from the alloy melt. The X-ray line 
profiles from the (3 phase indicate a reasonably intense (110) line, which is also the 
strongest amongst all the reflections for this phase. This is quite usual for materials 
having a b.c.c. crystal structtne. 

The X-ray diffraction profile of the heat treated and fiimace cooled sample 
shows (Fig. 4.27 b) that the lines of p are less intense here than in case of the as-cast 
material. Evidently, heat treatment has led to a decrease in the P volume fraction. The 
heat treated sample also shows a si gnifi cant decrement in the intensity of the (0002) 
line of the at phase in comparison with that in the as-cast sample, while the ( 2021) at 
peak appears to be of nearly the same intensity in botL Thus, heat treatment followed 
by furnace cooling is found to weaken the basal texture. 



Intensity Intensity 
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4.2.2 Material rolled at 1173 K and quenched 

The X-ray diffraction patterns from samples roUed by different amounts at 
1 173 K are presented in Fig. 4.29. Clearly, the intensity of the basal (0002) reflection 
gradually increases with the amount of rolling reduction. Heavy deformation by 80% 
is found to reduce the intensity drastically for the (2021) peak, which is the strongest 
line in case of the random powder sample (Fig. 4.28). In addition to the (0002), the 
(2240) and the (2242) peaks also become quite intense after 80% rolling deformation, 
as compared to the same lines in the random sample. On the other hand, the lines 
(2021), (2022) and (2023) intensify after 70% deformation and then weaken after 
ftirther deformation upto 80%. The XRD line profiles for the P phase show that the 
(110) is no longer the strongest peak. In feet, its intensity appears to diminish with 
increasing amounts of rolling reduction. By contrast, the (200) and (21 1) lines of p 
phase show steady increase in intensity. 

The XRD patterns from the material which are prior heat treated before rolling, 
followed by water quenching, are shown in Fig. 4.30. A comparison between the 
patterns in Fig. 4.30 with those in Fig. 4.29 shows a more or less similar trend. As 
before, the (0002) aa peak sharpens on increasing the amount of rolling reduction, 
while the other peaks (20 20), (2021), (2022), (2240), (2023) and (22 42) weaken 
perceptibly. Although the amount of B2 phase here is rather small (-'IS %), the (110) 
and (200) B2 peaks duly appear in the XRD pattern and their intensities diminish as the 


amoimt of reduction increases. 
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Fig, 4.29 X-ray diffection pattern from samples rolled from the as-cast state by 

different amounts at 1 173 K, (a) 50%, (b) 70% and (c) 80% (afl water 
quenched) 


1 1-3 
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4.2.3 Material rolled at 1293 K and quenched 

The XRD pattern from the at phase shows a discontinuous behaviour in the 
intensities of the lines with increase in rolling reduction (Fig. 4.31). For example, 
the (0002) and (2021) peaks sharpen considerably after 70% rolling reduction, from 
the corresponding value after 50% deformation, and then show a drastic decrease after 
80% reduction. The intensity of the (2022) peak does not seem to change 
much with ro lling . On the other hand, (2240) and (2023) peaks show a slight 
decrease in intensity after 70% rolling which is followed by substantial increase after 
80% deformation. 

So fer as XRD profiles from the p phase are concerned, the behaviour of the 
(110) line appears to be opposite to those of (200) and (211). While the former peak 
sharpens after 70% rolling and then weakens drastically after 80% rolling reduction, 
the latter ones become very low in intensity after 70% rolling and then sharpen 
considerably after 80% rolling deformation. 
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id (degree) 


Fig. 4.3 1 X-ray di£6action pattern from samples rolled by different amounts at 
1293 K,(a) 50%, (b) 70% and (c) 80% (all water quenched) 
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4.2.4 Material rolled at 1373 K and quenched 

The XRD patterns of the as rolled samples in this condition (Fig. 4.32) show 
that the intensities of all the ai peaks are drastically low indicating a small a .2 volume 
jSractionu There is no perceptible change in line intensities of this phase with ro lling 
reduction also. The sharp lines at this stage all appear to belong to the P phase. The 
50% deformed material shows hardly any peak for (110) and a moderately intense 
(200), while the (211) line is intensely strong. With increase in rolling reduction, the 
intensity of the (110) peak increases continuously and attains a rather high value after 
80% deformation. The (200) and (211) lines, on the other hand, show first a 
decrement in intensity after 70% rolling, followed by substantial sharpenii^ after 80% 
reduction. Evidently, the p phase is textured during the rolling deformation. 

4.2.5 Material rolled at 1523 K and quenched 

The XRD patterns of the sample at this stage show practically the lines due to 
the p phase only (Fig. 4.33). While the (110) peak is very weak, the (211) is 
moderately strong and the (200) the strongest in the 50% rolled materiaL The (110) 
peak continuously sharpens and attains a substantially high intensity after 70% and 
80% rolling. The same is true for the (21 1) peak. On the other hand the intensity of 
the (200) peak does not seem to c hang e much with increasing rolling reduction. 


117 





Intensity 


Chapter 4 : Evolution of Texture and Microstructure... (Results) 



Fig. 4.32 X-ray dififraction pattern from saii 5 )Ies rolled by different amounts at 
1373 K, (a) 50%, (b) 70% and (c) 80% (all water quenched) 
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4.2.6 Materials rolled at 1173 K, 1293 K, 1373 K and 
1523 K followed by furnace cooling 

XRD patterns for the specimens rolled at 1 173 K, 1293 K and 1373 K followed 
by furnace cooling from these temperatures after the fini.sh rolling pass are displayed in 
Fig. 4.34 (a-c). A very systematic trend can be noticed in the variations of peak 
intensities both with respect to rolling temperature as well as amminty! of deformation 
at each of these temperatures. In the specimens rolled at 1 173 K and furnace cooled, a 
gradual increment in the intensity of (0002) a 2 reflection can be seen from 50% to 
80%, while the other peaks, say, (2020), (2021), (2022) and (2240) gradual^ 
weaken. On the other hand, in the 1373 K rolled materials, the (2020), (2021) and 
(2022) peaks get sharpened, while the (0002) and (2240) reflections weaken. An 
intermediate trend is seen in the case of 1293 K rolled material, where the (2020), 
(0002) and (2021) peak intensities get enhanced on increasing the ammmt of rolling 
deformation and the intensity of the (2240) peak decreases. The XRD pattern 
recorded from the specimen rolled at 1523 K to 80% reduction followed by furnace 
cooling is separately shown in Fig. 4.35. 
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Fig. 4.34 X-ray dififraction pattern from samples roEed to different amount of 
reductions at (a) 1 173 K, (b) 1293 K and (c) 1373 K (aU furnace 
cooled) 
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4.3 Texture Analysis 

As mentioned earlier (Section 4.2), the X-ray diffraction pattern of the as-cast 
material shows the presence of both the h.c.p. aa and the b.c.c. (3 phase. While [3 has 
been found to be only weakly textured, if at all, the aa has a reasonably strong (0002) 
basal texture. The (0002) pole figtire recorded from the specimen surface, which is 
normal to the direction of heat extraction during solidification from the melt, is shown 
in Fig. 4.36 (a). The basal poles here exhibit {0002}<uvtw> type of texture, where 
<uvtw> is the longitudinal direction of the specimen. The orientation distribution 
fimction plot for this material is given in Fig. 4.37. The analysis of (1)2 = 0° and 30° 
sections, in which most of the important orientations of the h.c.p. texture appear, 
clearly shows the presence of strong (0001)[1010] and (0001)[21 10] maxima of the 
basal texture. A number of non-basal orientations, namely, (121 8) [4 8 43], 
(1216)[1211] and (2421)[4136] are also foimd to be substantially strong. 

As has already been stated, the as-cast material contains substantial amount of 
the P phase which is slightly higher than the equilibrium volume fiaction at the room 
temperature. The (200) XRD peak of the P phase is the only strong peak which does 
not have an overlap with any of the at peaks. It was therefore decided to determine 
the texture of the p phase by recording the (200) pole figure of it. The same is shown 
in Fig. 4.36 (b). The strongest fibre, as evident from this pole figure, is {113}<uvw> 
with <uvw> along the direction parallel to the longitudinal direction. 
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Heat treatment ( 24 hrs at 1 173 K ) of the as-cast material followed by furnace 
cooling has been found to weaken the texture only slightly, as revealed from the 
relevant (0002) pole figure (Fig. 4.36 c). The ODF of this specimen, given in Fig. 
4.38, shows that the main orientations in this case are the (0001)||AD fibre with the 

maxima located at -6° along (|) from the ideal (0001)[3 1 20] , plus (0001)[1 1 00] and 
(0001)[1210] components. In addition to these, a few other orientations like 
(1215)[5503] and (2421)[4136] also appear to be quite strong in the ODF of the 
heat treated material 

4.3.1 Texture of material rolled at 1173 K 

4.3. 1.1 As-cast, rolled and water quenched 

Phase 

The (200) pole figures of this material for both the reduction levels 50% and 
80%, show a number of fibres, the strongest among these is {1 13}<uvw>. There are a 
few other relatively weak fibres also. The pole figure for the 80% rolled material is 
shown in Fig. 4.39 (a). The (j )2 = 0° and 45® sections of the ODF are shown in Figs. 

4.40 (a and b). The presence of host of fibres is also clear from the (j )2 = 0° and 45® 
sections of the ODF. The prominent fibres are {113}<uvw>, {223}<uvw>, 
{332}<uvw>, {221}<uvw>, {013}<uvw>, {021}<uvw> and {023}<uvw>. A 
number of peak orientations could also be located in the ({ii = 0° and 90° sections (Fig. 

4.41 a). These are {112}<110>, {112}<111>, {012}<100>, {013}<031> and 

{ 110 }< 011 >. 
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Fig. 4.40 (j )2 = 0° and 45° sections of the ODFs from the p-phase of (a) 1 1 73 K, 

50%, (b) 1173 K, 80%, (c) 1293 K, 50% and (d) 1293 K, 80% 
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Fig. 4.41 <|)i = 0° and 90° sections of the ODFs of the as-cast materal rolled to 

50% and 80% reduction at (a, b) 1 173 K and (c, d) 1293 K (all water 
quenched) 
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a2 - Phase 

The (0002) pole figijre for the aa phase in the 50% rolled material shows a 
reasonably strong (~6 x Random) near basal component of texture (Fig. 4.42 a). The 
pole density at the centre of the pole figure shows splitting along both RD and TD - 
the splitting along TD being most prominent. After 70% rolling the near basal 
component maintains its strength and shows splitting along TD only (Fig. 4.42 b). The 
basal component becomes more perfect after 80% rolling, although there is a slight 
tendency towards splitting along RD (Fig. 4.42 c). In aU the above cases, a host of 
other weak components of texture is also seen. 

In order to have a clearer idea of the different texture components, the 
orientation distribution function ODF plots of the 50%, 70% and 80% rolled 
specimens are presented in Figs. 4.43 (a to c). However, as the major orientations 
appear in the <j )2 = 0° and 30° sections of the ODF, these have been separately displayed 
in Figs. 4.44 (a), (b) and (c). In aU three of them, the orientations are found to be 
grouped near the [0001] || ND direction, indicating that some kind of a fibre is present 
along that direction. The intensity maxima , however, are shifted away fiom this exact 
location by different amounts in aU the above plots. The ^2 ~ 0° section of the ODF 
for the 50% rolled material shows that the most intense peaks are present at (|) ~ 6° 
away from the ideal (0001)[4 1 30] and (0001)[1210] locations. The (j )2 = 30° section 
gives orientation maxima at near (0001)[43 10], at <j)'-6° fi'om (0001)[3410] ~ 
[1210] and also at locations in the neighbourhood of (0001)[4401] and at 


131 





Chapter 4 : Evolution of Texture and Microstructure,., (Results) 


(0001)[2532] locations. The pole densities have been marked on the appropriate <j )2 
sections. 

The (})2 = 0° and 30° sections of the ODF for the 70% rolled material do not 
show any remarkable change from the corresponding sections for the 50% rolled 
material, except some little change in the locations of some of the maxima. The overall 
sharpness of the texture here does not seem to change significantly from that of the 
50% roUed material 

Distinct changes in texture appear after the material is roUed by 80% reduction 
in thickness. Here, in addition, to having a fibre along [0001] || ND at (j) = 6° position , 
texture intensities are present along [1010] || RD (<{>2 = 0° section ) and also to some 
extent along [21 10] || RD ((j )2 = 30° section ). The intensities along these lines show 
distinct peaks at the following locations : at ~ 6° along (j) from ideal (0001)[10 1 0], 
(0001)[3410], (T2T0)[10T0], (T2T2)[10T0] and (2421)[10T0] (in the (|)2 = 0° 
section ) and at (j) = 6° from ideal (0001)[43 10] as well as at (01 10)[21 10] and 
(01 14)[0221] locations (in the 4)2 = 30° section ). There is a perceptible increase in 
the overall intensity of the texture after 80% rolling. 
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Fig. 4.43 (a) Complete ODF of the material as-cast and rolled at 1 173 K to 50% 

reduction (water quenched) 
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Fig. 4.43 (b) Complete ODF of the material as-cast and rolled at 1 173 K to 70% 

reduction (water quenched) 
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Fig. 4.43 (c) Complete ODF of the as-cast material rolled at 1 173 K to 80% 

reduction (water quenched) 
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Fig. 4.44 (j )2 = 0° and 30“ sections of the ODFs of as-cast and 1 173 K rolled 

materials for rolling reductions (a) 50 %, (b) 70% and (c) 80% (all 
water quenched) 
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4.3. 1.2 Heat treated, rolled and water quenched 

a2 - Phase 

As mentioned in section 4.2, the XRD patterns for the a .2 phase in this material 
clearly show that the intensity of the (0002) basal peak increases continuously with 
increase m the rolling reduction. This is also corroborated by the pole figure data of 
the material. Figs. 4.45 (a), (b) and (c) show the (0002) pole figures of the heat 
treated material rolled 50%, 70% and 80% respectively. All the three pole figures 
show reasonably perfect basal texture, the degree '-^f perfection increasing with the 
amount of rolling reduction. In aU of them, in addition to the basal component, some 
other weak components can also be seen. 

The ODF plots for these specimens are presented in Figs. 4.46 ( a to c ). For a 
comparison and for the sake of indexing the individual components, the (j )2 = 0° and 30° 
sections of the ODFs for the three rolled materials are separately shown in Figs. 4.47 ( 
a to c ). The overall texture intensity appears to be quite comparable in case of the 
70% and the 80% rolled materials, and this is perceptibly higher than in case of the 
50% rolled sample. All these ODF sections clearly indicate the presence of a fibre tube 
along (0001)11 AD , the width of the tube is less in the ^2 - 0° section than in the (|)2 = 
30° section. The maxima of the fibre tubes, in each case, appear to lie not along the 
exact (0001)||AD fibre direction, but somewhat away firom it. 

For the 50% rolled material, in the (j )2 = 0° section, the texture peaks appear at 
(|)~12° away firom (0001)[10TO], at <j)~6° away firom the (0001)[43 10] and also at 
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(J)~6° away from the (0001)[1210] . In the (J >2 = 30“ section, the most intense peaks are 
(01T5)[3411] and (0lT5)[0552] . 

For the 70% roUed material, in the <{>2 = 0“ section, the orientation maxima 
appear at <t)~12“ away from (0001)[10TO], at <j) ~6“ away from (000 1) [21 1 0] and at 
(0001)[1210] locations. In the (j )2 = 30“ section, the most intense peaks are at 
(01T5)[5501] and (0lT5)[0552] positions. 

For the 80% rolled material, in the (}>2 = 0° section, the maxima appear at (|>~12“ 
away from (000l)[10T0] and at ^2 6“ away from (0001)[1210]. In the ^2 = 30“ 
section, the most intense peaks are the ones near (0lT5)[2TT0] and (0lT5)[2TT0] 
locations. The distinguishing feature of the ODF sections in this case, as compared to 
the previous ones, is the presence of a more or less continuous fibre with substantial 
intensity all along (000 l)|jAD at <j) = 6° instead of having too many isolated peaks. In 

addition, most of the orientations get concentrated near to the aforementioned fibre 
unlike the previous case where several other orientations are also present in the ODF 
sections. 


no 





140 




Chapter 4 : Evolution of Texture and Microstructure... (Results) 



141 












Chapter 4 : Evolution of Texture and Microstructure... (Results) 



Fig. 4.46 (b) Complete ODF of the material heat treated and rolled at 1 173 K 

to 70% reduction (all water quenched) 
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Fig. 4.46 (c) Complete ODF of the material heat treated and rolled at 1 173 K 

to 80% reduction (water quenched) 
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(j )2 = 0° and 30° sections of ODFs of the heat treated and 1 173 K rolled 
materials; rolled reductions: (a) 50%, (b) 70% and (c) 80% (all water 
quenched) 
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4.3. 1.3 As-cast, rolled and furnace cooled 

ai - Phase 

The (0002) pole figure of this material (Fig. 4.48 a) shows a reasonably sharp 
and perfect basal texture [ f(g) = 5.0 ]. In addition, there are high pole densities at 
many places along the periphery of the pole figure. These texture components may be 
indexed as {1230}<uvtw>, {1120}<uvtw>, {1010}<uvtw> where {1230}, {1120} 
and {1010} planes belong to the zone for which [0002] is the zone axis. 

The ODF plot for this specimen is given in Fig. 4.49 and the (t )2 = 0° and 30° 
sections are separately given in Fig. 4.50 (a). The (j )2 = 0° section of the ODF shows a 
fibre along the (0001)||AD having a maxima at (0001)[43 1 0] . In addition, two other 

texture components can be seen at (12 10) [10 10] and (1213)[2TTl] or 
(T2T3)[5323] locations. 

The (|)2 = 30° section shows the presence of weak texture components such as 
(0001)[43 10] and (0001)[1430] along the (0001)||M) fibre. Presence of a fibre 
running along (|)i with maxima at (01 1 6)[45 1 l]is also discernible. In addition, there is 
another fibre along (j)i in the neighbourhood of(01 1 1) < zn^fw > which also has a 
couple of orientation maxima lying on it. Furthermore, there are two other 
components also present such as (01 1 0)[4221] and (011 0)[2 116]. 
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Fig. 4.49 Complete ODF of the material as-cast, rolled at 1 173 K to 80% 
reduction and furnace cooled 
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Fig. 4.50 (h = 0® and 30° sections of the ODFs of the as-cast material rolled to 
80% reduction at (a) 1 173 K, (b) 1293 K, (c) 1373 K and (d) 1523 K 
(all furnace cooled) 
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a2 - Phase 

The (0002) pole figure for the a 2 phase in the 50% rolled material shows a 
basal component of texture plus few other components (Fig. 4.51 a). The intensit\- 
level for the basal orientation appears to be dxRandom. At the higher degree of 
deformation (80%), the basal component shows a tendency of splitting ( Fig. 4.51 b ), 
although the intensity remains as high as in the 50% rolled case. Some extra 
orientations do appear in this case also but with lesser intensity (4xRandom). 

The orientation distribution function plots for the materials rolled 50 % and 80 
% at 1293 K and water quenched are shown in Figs. 4.52 (a and b). The (1)2 = 0° and 
30° sections of the ODFs are shown separately in Figs. 4.53 (a and b). The 50% rolled 
material shows a relatively weak hc.p. texture with (0001)[0lT0], (0001)[lT00], an 
orientation nearly 12° ojff firom (0001)[2TTO] and (T2T0)[0001] as the major 
components. Other relatively weak orientations are identified as (12 14) [4403] and 
(2423)[1214] . For the 80% rolled material, a strong basal texture with the 
components (0001)[4T30], (0001)[54T0], (0001)[3410],(2421)[10T0J and 

(2423)[10T0] are observed in the (|)2 = 0° and (0lT7)[1431], (0lT5)[2TT0], 
(0001)[4310] and (0001)[3410] in the (j )2 = 30° sections of the ODF. 
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43.2.2. As-cast, rolled and furnace cooled 
02 - Phase 

The (0002) pole figure for the material fiimace cooled firom 1293 K alter the 
finish ro lling pass is shown in Fig. 4.48 (b). It shows the presence of a weak texture of 
mixed character, that is, the basal poles show a tendency of splitting along both RD as 
well as TD. The corresponding ODF is presented in Fig. 4.54. The (j )2 = 0° and 30° 
sections of the ODF for the furnace cooled material ( Fig. 4.50 b ) do not show the 
presence of strong (0001) < icvtw > orientations unlike in the previous case of the 
1173 K rolled and furnace cooled material. Only a weak basal component 
(0001)[1 1 00] is seen in the (1)2 = 0° section of the ODF. The main orientations, in the 
( 1)2 = 0° section are (10T7)[wfw], (24T0)[10T0], (T2T2)[10T0] and (0lT7)[wviw] 
with one of the maxima at (Oil 7)[2 1 1 0] and the orientation (0221)[1 1 02] in the (1)2 
= 30° section. 
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Fig. 4.52 (a) Complete ODF of the material as-cast, rolled at 1293 K to 50% 
reduction and water quenched 
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(j )2 = 0° and 30° sections of ODF for the as-cast material rolled at 1293 
K to reductions (a) 50% and (b) 80% (all water quenched) 
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4.3.3 Texture of material roUed at 1373 K 
4.3.3.1 As-cast, rolled and water quenched 
p- phase 

Tlie material, at 1373 K, mainly consists of the b.c.c. p phase. The (200) pole 
figures for the 1373 K rolled material are displayed in Figs. 4.55 ( a and b ). Parts of 
{210}<uvw> and {113}<uvw> fibres are clearly seen. However, the intensity levels 
are quite low as compared to the intensity levels for (200) pole figures of the 
P phase corresponding to the previous two conditions, namely 1173 K and 1293 K 
rolled materials. For the 80% roUed material at this temperature, the (200) pole figure 
shows an intense {1 13}<uvw> fibre. 

Figs. 4.56 (a and b) and 4.57 ( a and b ) show the (j )2 = 0" and 45° sections as 
well as (j)! = 0° and 90° sections of the ODF plots for 50% and 80% rolled materials. 
The {011}<100> orientations are found to be the strongest in the case of 50% rolled 
material, which further intensify in the 80% rolled .material. The other strong 
orientations are {011}<011> which again become stronger in 80% rolled condition. 
The {013}<110> orientations are relatively weak in the case of 50% rolled material 
and become substantially strong in the case of 80% rolling deformation. Other 
orientations appearing in the ODF of 50% roUed material which are rather weak are 
{013}<031>. In addition to these, a number of other strong orientations with high 
indices do appear in case of the 50% roUed material, such as {379}<5121>, 
{420}<212>, {3112}<130>, {1211}<210>, {233}<320>, which do not appear in the 
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case of 80% rolled material. Similarly, a number of extra orientations also appear in 
the case of 80% rolled condition which are not inherited from the 50% rolled material. 
The strongest amongst them are {122}<245>, {212}<425>, {122}<210>, 

{112}<111>, {112}<110>, {011}<110>, {001}<230>, {001}<320>, {001}<320>. 

4.3.3.2 As-cast, rolled and furnace cooled 
a2 - phase 

As stated in section 4.1, a piece of the 80% rolled material was furnace cooled 
from the rolling temperature, thereby transforming the P(B2) phase into ai. The 
(0002) pole figure for the specimen represents ( Fig. 4.48 c ) a completely non-basal 
texture with (0002) poles located almost 70° off from the centre towards TD. 

The complete ODF for the furnace cooled material is displayed in Fig. 4.58 and 
the (t )2 = 0° and 30° sections of the ODF for this material is presented in Fig. 4.50 (c). 
The most intense orientations which appear in this case are of (Afe7)[1010], 
{hkil){2l 10] and {012\){uvtw'\ type with an exception (1215)[5503]. 

4.3.4. Texture of material rolled at 1523 K 
4.3.4. 1 As-cast, rolled and water quenched 
P - Phase 

It has already been mentioned in section 4.1 gap that the material in this case 
consists of single phase |3. The (200) pole figures for ^ 50% and 80% rolled 
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conditions are shown in Figs. 4.55 (c and d). The nature of these pole figures are 
almost similar to the ones for the case of 1373 K roUed material except for a little 
difference in the continuity of orientation contours. In the present case, the orientation 
contours become nearly continuous while in the former case (1373 K rolled material), 
isolated intensity maxima on the corresponding fibres are observed. 

For a clearer understanding of the texture, ODF sections (j )2 = 0° and 45° as 
well as (j)i = 0° and 90° are presented in Figs. 4.56 (c and d) and 4.57 (c and d) 
respectively. It can be seen firom the ODFs of both the 50% and 80% rolled materials 
that aU the components present in the case of 1373 K rolled material are present here, 
however, with improved sharpness. 

4.3.4.2 As-cast, rolled and furnace cooled 
a2- Phase 

The material in the present case consists of transformed az . The (0002) pole 
figure for this material rolled to 80% reduction and furnace cooled is shown in Fig. 
4.48 (d). In contrast with the pole figure for the 1373 K rolled and furnace cooled 
material, the pole figure shows the presence of (0002) poles concentrated at the ND 
position. In addition, the pole figure also indicates the split TD character of the basal 
texture. 

The basal character of texture is further confirmed by the corresponding ODF 
(Fig. 4.59 ). The examination of the (j )2 = 0° and 30° sections of the ODF (Fig. 4.50 d) 
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reveals the presence of appreciably strong basal texture with orientation maYima at 
(0001)[1010] and (0001)[1 100]. Some other relatively weak orientations like 
(2421)[10T0], (T2T2)[10I0], (01T5)[2TT0] and (0lT6)[0331] are also present. 



Fig. 4.54 Con:q)lete ODF of the material as-cast, rolled at 1293 Kto 80% 
reduction and furnace cooled 
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Fig. 4.56 (j )2 = 0° and 45° sections of the ODFs of the as-cast material rolled to 

50% and 80% reductions at (a, b) 1373 K and (c, d) 1523 K (all water 
quenched) 
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Fig. 4.57 <t>i = 0® and 90® sections of ODF of the material as-cast and rolled at 
(a, b) 1373 K and (c, d) 1523 K to reductions 50% and 80% each 
followed by water quenching 
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Fig. 4.58 Complete ODF of the material rolled at 1373 K to 80% reduction and 

furnace cooled 
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Fig. 4.59 Complete ODF of the material rolled at 1523 K to 80% reduction and 

furnace cooled 
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4.4 Discussion of the Results 

As it has already been mentioned, the present investigation aims at examining 
the evolution of microstructures and crystallographic textures during 
thermomechanical processing of a Ti-24Al-llNb alloy. The starting as-cast or heat 
treated materials possess Widmanstatten a 2 in prior |3(B2) grains and significant 
microstructural and textural changes occur in the material during hot rolling. Since, 
the starting as-cast material is likely to have a slightly higher volume fiaction of P(B2) 
because of the faster cooling rates during solidification from the melt in the water 
cooled copper crucible, it was decided therefore to examine the effect of hot rolling on 
a prior heat treated material also. This may lead to the maximisation of the ( h.c.p. ) 
content, as a result of which the platelets of az are likely to undergo more or less 
unrestricted deformation upon being subjected to rolling at the temperatures where the 
volume fiaction of the phases does not change significantly. 

The deformation processing of the alloy was carried out (i) in the (a 2 +P) phase 
field at two different temperatures, namely at 1 173 K and 1293 K, (ii) at the P transus 
temperature, which is (1373±10) K in the present case, and (iii) in the P phase field, at 
the temperature 1523 K. Thus, during rolling in the (a 2 +P) phase field the material 
being deformed had different volume fractions of 0 . 2 , had almost no ai dxiring rolling at 
the p transus tenqjerature and had literally no aa and coarse grains of p at the rolling 
temperature of 1523 K. 
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The thermomechanically treated materials were examined under two 
conditions; (a) hot rolled and water quenched after the last rolling pass, and (b) hot 
rolled and furnace cooled after the last rolling pass. While the objective of examining 
the material in the first condition was to study the microstructural features and textures 
obtained during high temperature deformation processing, that in the second condition 
was to study the changes occurring in the material during slow cooling after subjecting 
it to hot deformation. 

AH the above processing conditions led to different phase distributions in the 
finall y formed material and therefore the present study is expected to give a 
comprehensive idea of the development of textures in the material with varying 
microstructures. 

Another criterion behind the choice of these temperatures was the 
recrystaUisation temperature for the a 2 and P phases. The recrystallisation temperature 
for the a 2 phase is ejqjected to be around 1273 K [55] and that for P is higher than 
1373 K [58] ( these values, however must be modified by the amount and the rate of 
straining). Assuming that these temperatures cotild give some guidelines as to the 
expected microstructural conditions during processing, the rolling was performed in 
such a maimer that there should be a complete idea about microstructural development 
as well as evolution of textures below and above the recrystallisation temperature for 
both these phases. AU the above experimental conditions are objected to produce the 
following combination of phases after processing : 
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(i) The as-cast hot rolled and quenched material will yield a microstructure 
consisting of mostly rolled primary ai, limited amount of secondary 
produced from roUed P and some retained rolled P(B2). The relative 
amounts of these phases will depend on the rolling temperature. 

(ii) The as-cast and prior heat treated (at 1 1 73 K ) material will contain the 
equilibrium amount of a 2 to start with ~ 85%. Thus, the final 
microstructure after rolling and quenching here wOl consist mostly of 
rolled primary aa- 

(iii) The as-cast, hot rolled and fiimace cooled material is expected to consist of 
rolled primary az and transformed secondary ctz with their amounts varying 
depending upon the rolling temperature. 

The microstructural and textural evolution in the above three cases are 
discussed below. 


4.4.1 Evolution of Microstructures 

Thermomechanical processing has been found to have a profound effect on 
mircostructural development. As shown in Fig.4.1, the as-cast alloy has a 
Widmanstatten structure of a 2 in a P(B2) matrix. The volume fraction ratio of az to 
P(B2) is approximately 70 ; 30. During hot rolling, the changes in the initial 
micro structure proceed via an elongation and flattening of the grains. As more and 
more deformation is in^arted to the material, the microconstituents will be fiagmented 
leading to a finer distribution of grains. As predicted by the equilibrium phase diagram 
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(Fig. 2.1), the volume fraction of p at 1173 K is around 15%. Therefore, during 
rolling at 1173 K, p(B2) will be gradually transformed into a: ( henceforth termed as 
secondary a 2 ) m order that the volume fraction of p can attain the equihbrium value. 
Evidently, the equilibrium amount of P(B2) was not achieved in the 1173 K rolled 
material during rolling and intermediate annealing, as is evidenced by the presence of > 
1 5% P(B2) by volume in the SEM microstructures of the quenched materials (Fig. 
4.2). The amount of roUing reduction does not seem to alter the P(B2) volume 
fraction in any significant way although more of secondary a 2 is expected to be 
produced from P(B2) as the amount of deformation increases. Some of the P(B2) X- 
ray diffraction peaks, notably (200) and (211), show an increment in intensity with 
increasing rolling reduction (Fig. 4.29). This is also accompanied by increased 
intensities of some of the ai lines, such as (0002) , (2240) and (2242) . The relative 
intensities of the lines for the two phases do not at all agree with the data given in the 
relevant ASTM index cards. This is presumably due to the fact that both the phases 
are highly textured, as shown in Figs. 4.39 and 4.42. Although it is difficult to 
distingiiish between the primary and the secondary a 2 in the room ten^erature 
microstructures and estimate their volume fractions, it is quite expected that higher 
rolling deformation will produce more of secondary cli from rolled p due to the longer 
reaction time and higher amount of deformation energy associated with heavier 
amounts of rollit^. 

The variation in the morphological feature, as examined in the present 
investigation, manif ests in the morphology as well as quantitative distribution of a 2 and 
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p(B 2 ) phases. The microstructures evolved during the present course of processing 
are : an equiaxed P (B 2 ) with a more or less uniform distribution of submicron size 
lamellar o.i, a Widmanstatten a2, a duplex microstructure with an uniform distribution 
of non-equiaxed a2 in P (B 2 ) matrix, an equiaxed 0.2 and a very fine distribution of a2 
and P(B 2 ). The evolution of micro structures has been discussed for each of the 
deformation temperatures in the following subsections. 


4.4.1. 1 Rolling in {ai + p) Phase Field 

As is evident fi-om the Figs. 4.2 , at the rolling temperature of 1173 K, the 
deformation proceeds via an elongation and thinning of the initial Widmanstatten 
structure. The evolution of microstructure with fine distribution of oli and P(B 2 ) is 
attributed to the heavy deformation imparted to the material. The (a2+p) warm rolled 
structure is likely to possess high dislocation density in a2 as well as P(B 2 ). The 
a 2 /p(B 2 ) bovmdaries are not significantly distorted. The volume fi:action of 0.2 and 
P(B 2 ) keep on changing during rolling, mainly by the movement of a2/p boundaries. 
The volume firaction changes can also occur due to nucleation of secondary a2 at high 
energy sites due to defect structures. During the course of successive rolling passes, 
these secondary 0.2 also gets deformed along with the primary a2. As a result, a 
substantially higher dislocation density is achieved, which again promotes the 
nucleation of secondary a2 laths. When the transformed 0.2 is worked, the deformed 
structure again shows the breaking of a2 laths. The process progresses in a cumulative 
manner leading to a higher volume finction of aa as conqjared to the as-cast material. 
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Therefore, from the starting step onwards itself the continuous break up of primary as 
well as secondary 0.2 takes place. 

Another noticeable feature in the microstructures of the as deformed material is 
that the material does not recrystallise dynamically or even statically ( during 
intermediate soakiag in between two successive passes ), as indicated in the TEM 
micro structures. It is a well established fact that the hot deformation of metals and 
alloys in moderate to high strain rate processes such as rolling, forging, extrusion 
etc., occurs by dislocation motion which takes place at high enough ten^erature 
resulting in a continual formation of low flow stress substructures. The mechanism 
for this reduction in flow stress may occur either as a recovery process in which 
dislocation segments meet and annihilate through climb and glide mechanism, or as a 
recrystallisation process in which dislocations are absorbed at high angle grain 
boundaries. As shown in Fig. 4.60 ,constant strain rate tests carried out by Sagar et al. 
[58] show that the Ti-24Ai-llNb alloy undergoes dynamic recovery resulting in 
subgrain formation within the range of strain rates used during rolling in the present 
deformation schedule (Fig. 4.61). WTth the aid of this result, this mechanism stated 
above is able to ejq)lain successfully the microstructm-al refinement in the Ti-6A1-4V 
alloy [107]. The strongly deformed state leads to the initiation of recovery process as 
a result of intermediate annealing between the successive passes. In furnace cooled 
specimens, since the material is allowed to remain at temperatures close to 1173 K for 
sufficient time, some of these highly deformed regions lead to the formation of 
recrystaUised grains. However, the time available during the cooling process being 
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insufficient for further recrystallisation of the materiaL regions of high dislocation 
density still persist. 

Results of microstructural examination clearly indicate that the material 
undergoes perceptible dynamic changes as deformation proceeds at the temperature 
1293 K. The changes are more noticeable in materials rolled 70% and above. 
Scanning electron microscopy of the az phase (Figs. 4.12) at this stage shows a more 
equiaxed morphology. TEM microstructures (Figs. 4.14) also indicate that this phase 
is in an advanced stage of recovery as well as recrystaUisation, specially after 80% 
rolling. These changes must have taken place dynamically during rolling and also 
during static annealing in between rolling passes. The furnace cooled samples showed 
even larger extent of recovery and recrystallisation (Fig. 4.18) indicating the prominent 
role played by static annealing and slow cooling. 

The investigations carried out by Sermatin [56] and Sagar [58] on alloys having 
very similar compositions , predict the occurrence of dynamic recrystallisation at this 
temperature for the given range of strain rate (Figs. 2.5 and 2.8). Thus it is expected 
that both static and dynamic recovery and recrystallisation must be taking place in the 
a .2 phase in this alloy at this stage. The [3 phase in the hot rolled, and quenched material 
does not show perceptible recovery effect although some recovery is evident in the P 
of the furnace cooled material (Fig. 4.12). This seems to indicate that slow cooling 
from the hot rolling temperature has been quite effective in causing relaxation effects in 
the p phase also. 
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Physical Model for the Evolution of Microstructure during Rolling in 
(a2+f) Phase Field 

As the sheet rolling process is associated with nearly plane-strain deformation 
condition, it is expected that (3 grains would undergo pancaking in the thickness plane, 
and if no dynamic recrystallisation occurs at the rolling temperature and strain, they 
would remain elongated in the direction of rolling. Since the as-cast or the heat treated 
structure of the starting Ti-24Al-llNb alloy comprises of at plates in the 
Widmanstatten morphology within P grains, the plates of at would also undergo 
deformation during rolling. 

Depending on the rolling reduction imparted to the material, the first stage of 
deformation of at plates which are within pancaking p grains would be either (i) their 
alignment in the rolling direction, (ii) buckling or (iii) kinking. Such features, of 
deformation of a phase in (a+P) titanium alloys have been widely reported in the 
literature [108]. However, in view of the physical model being proposed here, a 
comment will be made about possibilities of their occurrence. Since in a 
polycrystalline material plates of Widmanstatten at are randomly oriented with respect 
to the rolling direction only those plates would tend to align themselves with the rolling 
direction which make an angle of < 45° with respect to it and have no closely spaced 
at plates in their neighbourhood which otherwise would block any tendency for their 
rotation. Further, with aU other conditions remaining same those plates of at which 
have lower aspect ratios will tend to ah'gn themselves along the rolling direction. On 
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the other hand, all those plates of which either due to a higher angle of their 
orientation with respect to the rolling direction or due to the geometric constraint 
posed by other plates of aa in their neighbourhood can not easily orient themselves 
along the rolling direction would undergo either bucking or kinking. 

Once alignment, buckling or Idnldng of a 2 plates has been achieved, the second 
stage of their deformation involves the plastic deformation of aligned/buckled/kinked 
plates of a 2 . Thus, depending on the nature of the stress field locally imposed on 
individual plates of at, they tend to elongate in the rolling direction. Though no 
involved calculations regarding local stress field distribution around a 2 plates in a 
plastically deforming matrix of p were done as part of the present study and have also 
not been reported by other researchers, several results regarding the variation of local 
stress and strain fields in composite materials consisting of a hard phase in softer 
matrix, as analysed by the finite element method (FEM), are available [109]. These 
results show that the nature of the stress around the hard plate-like phase in a 
deforming composite structure depends on (i) the orientation of plates with respect to 
the loading axis, (ii) aspect ratio of individual plates, (iii) volume fraction of the 
individual phases, (iv) relative strengths of the individual phases and (v) the ratio of 
their shear and Young’s moduli Assuming that s imilar results also follow during the 
deformation of Ti-24A1-1 INb aUoy in the (a 2 +P) phase field it may be concluded that 
due to different orientation of individual plates of a 2 with respect to the rolling 
direction the stress field around them will be different and therefore inhomogeneous. 
Different plates of cti therefore would undergo different degree of deformation. 
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Further, since (i) plates of a; in the starting Widmanstatten morphology are generally 
of non-uniform thickness and (ii) the orientation within a kinked or buckled plate of a 2 
varies from location to location with respect to the rolling direction, it is expected that 
the individual plates of aa would undergo a non-uniform plastic deformation. Non- 
uniform deformation occurring in individual plates of 0.2 thus sets in a non-uniform 
generation of adiabatic heat. Since titanium-base alloys, in general have poor thermal 
conductivity [110], a uniform generation of heat implies an inhomogeneous thermal 
field around deforming plates of aa. 

It has already been mentioned that, depending on the temperature and strain 
rate of deformation, different softening mechanisms, namely dynamic recovery (DRV), 
dynamic recrystallisation (DRX) or flow softening (FS) may occur during hot working 
of Ti-24A1-1 INb alloy. It is assumed that as fer as individual phases, i.e. p or a 2 , are 
concerned they undergo dynamic recovery or dynamic recrystallisation while flow 
softening occurs in the overall alloy [56, 58]. Thus, due to an inhomogeneous 
distribution of the (i) stress-field, (ii) strain rate field and (iii) temperature field within 
and around deforming a 2 plates different softening mechanisms may occur locally 
within them. Such differences occurring dynamically in a 2 plates are expected to have 
important implications on the sequence of micro structural evolution when the structure 
transforms from the Widmanstatten morphology of a 2 to an equiaxed morphology. 
These changes occurring in a 2 are considered here as the third stage of its 
deformation. 
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Depending on whether dynamic recovery of dynamic recrystaiHsation occurs 
either low-angle or high-angle grain boundaries leading to the formation of sub-grains 
or recrystallised grains within plastically deforming ai plates. As proposed by 
Margolin and Cohen [111] when sub-grains or new recrystallised grains of 0.2 plates 
form the o-ilai boundaries meet (3 (Fig. 4.62). In such a situation surfece energ>' 
requirements, i.e. ya 2 p and YcUoa, do not permit a dihedral angle of 180°. Thus, as 
proposed by Weiss et al. [112], in order to satisfy surface energy requirements in 
deforming two-phase systems the (3 phase has to move into the p/aa boundary' leading 
to the grooving at the aa/p boundary (Fig. 4.63) and a rotation of a 2 /p boundaries 
toward one another. In effect, this grooving and rotation enlarge sub-grains or 
recrystaUised grains of a 2 . This increase in size of a 2 sub-grain/recrystaUised grain and 
the concomitant penetration of P into the (Xiio-t botmdary completes the fragmen tat ion 
of a 2 plates and gives rise to an equiaxed/nearly-equiaxed morphology of a 2 . 
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(i) 

(q) UNRECRYST. (b)BEGINNING OF RECRYST. 
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(ii) 


Ca) UNRECRYST. (b) BEGINNING OF RECRYST. 



(d) OCR REMAINS IN G.B.oC 
STRUCTURE; WID. oc IS 

(c) RECRYST. PROGRESSING PINCHED OFF . 



Fig. 4.62 Mec hanis m for conversion of Widmanstatten to equiaxed morphology; 
(i) platelet a and (ii) grain boundary a [1 1 1] 
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Fig. 4.63 Weiss Mechanism of p penetration for the formation of equiaxed a 
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4.4. 1.2 Rolling in the p Phase Field 

The amount of a 2 in the 1373 K rolled and quenched material is quite small, 
while the 1523 K roUed and quenched material practically does not show the presence 
of any ai. Thus the optical microstructures of the above samples show retained p 
grains only. There is hardly any evidence of pancaking of the grains due to hot rolling 
excepting in the most heavily deformed materials; and even in those samples the effect 
of rolling on the grain shape is hardly discernible. It is therefore evident that the 
material effectively recrystaUises to a great extent during hot rolling, the annealing 
between successive passes possibly contribute significantly towards this relaxation 
process. 

The examination of the substructural features, using TEM, has revealed that in 
the material rolled at 1373 K ( by 50% as well as 80% ) there are clusters of s mall oa 
plates in isolated regions of p grains (Figs. 4.18). However the substructure of the 
material rolled at 1523 K and quenched, hardly cont ains any at. In feet there are 
ample evidence of an advanced stage of recovery and that of recrystallisation of the p 
phase. At many places within P grains subgrains separated from one another by small 
angle boundaries as well as markings indicative of planar slip are visible (Fig. 4.19). At 
one or two isolated places localisation of deformation into slip bands can also be seen. 

A comparison between the TEM microstractures obtained for the 1373 K and 
1523 K rolled materials indicates clearly that the p phase in the latter are in amore 
advanced stage of recovery / recrystallisation than the P phase in the former case. In 
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addition, the temperature of 1373 K does not appear to be much above the P transus, 
as evidenced from the presence of ai platelets in their microstructures. The hardness 
values for the specimens processed at these temperatures also indicate the d ynami c 
processes taking place inside the material (Table 4.2). 

4.4.2 Evolution of Texture 

The texture evolution during processing will be discussed by referring to 
development of texture in both the a 2 and the P phases separately. 


4.4.2. 1 Texture of the p(B2) Phase 

Very little information is as yet available regarding the evolution of 
crystallographic texture in the P(B2) phase of TisAl-Nb alloys or even in other similar 
titanium a + P alloys. An attempt has been made in this investigation to characterise 
the hot rolling texture of the experimental alloy deformed at rolling temperatures 
ranging between 1173 K and 1523 K. At these temperatures, the material consists 
almost wholly of p and this can be retained at the room temperature by water 
quenching, in the ordered form B2. The phases a 2 and P are roughly 50% each at the 
rolling temperature of 1293 K, while at 1173 K the volume fraction of P is around 
30%. Thus as the temperatures of rolling decreases the deformation of the p phase 
becomes more and more constrained due to the simultaneous presence of progressively 
higher amounts of the aj phase. 
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The textvire of the P(B2) phase in the experimental alloy has been found to be 
much more complex than the texture obtained in the case of other b.c.c. materials like 
steels, on which most of the b.c.c. texture work done so far has been focused. In case 
of steels the hot rolling textures are rather weak. The high temperature phase in that 
case is fc.c. austenite (y). At relatively high temperatures of rolling ( Le. above the T^ 
or no-recrystaUisation temperature of y), a weak recrystallisation texture with 
predominantly the cube component {001}<100> forms. This then transforms primarily 
into the rotated cube {001 }<1 10> in the ferrite. If, however, the austenite is not able 
to recrystallise during, or after rolling, a sharp texture consisting of the components 
{110}<112>, {112}<111>, {123}<634> and a weaker {110}<001> develops in the 
austenite phase. On transformation to ferrite, a component {332}<113> forms 
primarily from the {110}<112> and another component {113}<110> forms 
predominantly from the {112}<111> component of the austenite. Thus the hot rolling 
textures in b.c.c. steels is basically a transformation texture unlike the deformation 
texture in case of the experimental aUoy. When the hot rolled steels are cold roUed at 
room temperature, two fibres - an ND fibre with <1 1 1> || ND and an RD fibre with 
<11 0> II RD develop in the ferrite. Subsequent annealing leads to the sharpening of 
the ND fibre at the expense of the RD fibre. A number of theoretical models have been 
proposed to explain the formation of the cold ro lling texture in steels on the basis of 
"pencil" glide, and these have been more or less successful in explaining the observed 
features. On the other hand the few models that have been proposed to ejqjlain the 
formation of annealing textures have not been that satisfectory. 
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One of the most distinguishing features of the P(B2) phase textures in the 
present investigation is that the intensity levels of the contours in pole figures as well 
as in ODFs are rather high as compared to those of the a? phase. S imilar observations 
have also been reported by Fu et al. [92] who found that the p texture was 
approximately four times more intense than the a 2 texture. 

The textures of P(B2) phase in the present case can be classified into two 
categories : (i) the texture of single phase P(B2), and (ii) the texhire of rolled P(B2) 
phase in presence of significant amount of at. The p(B2) phase in the materials rolled 
at 1373 K and 1523 K belong to the fihst and those rolled at 1173 K and 1293 K 
belong to the second category. 

(i) Texture of single phase p(B2) 

The pole figures and ODFs of materials rolled 80% at 1373 K and 1523 K ( 
Figs. 4.55 and 4.56) exhibit remarkable s imilar ity in textures, in respect of the fibres 
and orientation maxima. In feet, the texture of p(B2) phase in the material rolled to 
50% at 1523 K is also not much different fi*om the above two although somewhat 
weaker m intensity than the previous ones. The textures here are essentially p hot 
rolling texture and are found to consist mainly of {001}<uvw>, {hkl}<001>, 
{112}<uvw> and {332}<uvw> orientations. 

Table 4.2, showing the hardness values of the p phase in samples rolled at 1373 
K and 1523 K and finally quenched, indicate that the material is much softer in the 
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80% rolled ( at 1373 K ) and in the 50% and 80% rolled ( at 1523 K ) materials. The 
hardness in these three cases are significantly lower ( by about 100 VHN points ) than 
the hardness in the 50% and 70% roUed samples at 1373 K. The above observations 
point to a similar situation with respect to the former three samples, which have 
presumably undergone a static / dynamic recovery / recrystallisation during processing. 
If it were a dynamic recrystallisation process, the resulting texture would have been 
rather weak, nearly random. Presence of a strong texture, therefore, precludes any 
such dynamic phenomenon. On the other hand, it must be pointed out here that aU the 
rolled samples were annealed at the ro llin g temperatures in between the successive 
passes. It is quite likely therefore that only static recovery/recrystaUisation of the 
material possibly take place in these samples during the annealing process. It is to be 
noted that the studies aimed at detennining the processing map for this alloy in |3(B2) 
phase field also preclude the possibility of dynamic recrystallisation [58] in the 
temperature range and with the strain rates used. Experiments carried out [113] on an 
a + p alloy ( Ti-6.5 Al-2.2 Mo-4.2 Zr-0.15 Si ) which has a P-transus temperature of 
~1283 K has been found not to undergo dynamic recrystallisation even at a 
temperature of 1573 K and fijr a reduction of nearly 80% ia a single pass. On the 
other hand, the same material after rollin g deformation of 60% at 1323 K followed by 
quenching and static annealing at 1293 K for 30 seconds only undergoes complete 
recrystaUisation. It is therefore quite likely that the present alloy which has a p transus 
temperature of ~1373 K should be able to at least partially recrystallise when held in 
between successive passes in the course of multipass rolling at 1373 K and 1523 K. 
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An attempt has been made to compare the texture of p in the present case with 
the recrystallisation texture of a pure P titanium alloy ( Ti-15V-3Cr-3Sn-3Al ) which 
was cold rolled at room temperature by 90% and then annealed at 1073 K and 1223 K 
[114]. The recrystaUisation texture at both these ten^eratures was found to consist 
mostly of {554}<225> orientation, close to {111}<112>. A comparison of the 
recrystallisation texture of P obtained by Inoue et al. [114] and the P texture of the 
present alloy, hot rolled at 1373 K and 1523 K, clearly indicates the total dissimilarity 
between the two sets of results. The present results indicate the presence of strong 
orientations along certain fibres in the orientation space, such as the {001}<uvw>, 
1 12}<uvw> and {221 }<uvw> along with other orientations. Due to the absence of 
any report in the open literature on the hot rolling textures of alloys of compositions 
similar to the present one, no comparison is possible with other people's work also. 
All these indicate that it would possibly not be appropriate to compare the present 
results with those of Inoue et al. [114] since the processing of the material in the two 
cases was not at all comparable. The other important fact that the p of the present 
alloy, after quenching from the hot rolling tenqjerature in the P phase, can exist in its 
ordered B2 form [4] while Inoue et al.'s alloy is expected to be in a disordered 
condition, can also have an important bearing on the significant texture differences that 
exist between the two cases. 
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(ii) Texture of rolled p phase in presence of significant amount of at 

The textures of the P(B2) phase in the 1173 K and 1293 K rolled materials 
belong to this category. In both the cases significant amounts of the ai phase coexist 
with the P(B2) phase, the volume fi-action of ai being more in the 1173 K rolled 
material than in the 1293 K rolled material. 

An interesting point to note is that the general appearance of the ODF plots for 
the P(B2) phase in this category is significantly different from the ODF plots of P(B2) 
in the first category (Figs. 4.39 and 4.55 as well as Figs. 4.40 and 4.56). It has been 
more or less established now that the texture of the P(B2) phase belonging to the first 
category pertains to mostly the partially recrystallised state. On the other hand, hardly 
any recrystalJisation of the p(B2) phase takes place in the 1173 K and 1293 K rolled 
materials, as revealed from microstructural examination. Thus the texture of the 
P(B2) phase in these materials can be construed as from the deformed ( and sometimes 
partly recovered ) state. 

As shown m Figs. 4.40, although some visible differences in the overall texture 
do exist in the 50% rolled 1 173 K and 1293 K materials, there is very little change in 
the locations of the intensity maxima in the ODF plots of the 80% rolled materials at 
the above two temperatures. The textures in the highly deformed state in both the 
materials show maxima at {001}<110>, {112}<110>, {112}<111> and {013}<331> 
locations. 
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Inoue et al. [1 14] investigated the cold rolling and recrystallisation textures of 
the metastable P phase ( b.c.c.) in a Ti-15V-3Cr-3Sn-3Al alloy. The texture developed 
after cold rolling was found to be somewhat dependent on the initial solution 
treatment. However, the texture of the 90% cold rolled p was found to consist of a 
<110>|| RD partial fibre ranging between {001}<110> and {111}<110>. These 
components are also observed in the texture of cold rolled steel sheets. 

The texture of the p phase in the 1173 K and 1293 K hot rolled ( 80% ) 
material, in the present case, does not show any <1 10> |1 RD fibre as such, however, 
the {001}<110> component is quite strong, as observed by Inoue et al. [114] in their 
material. In addition, the texture of the present material rolled at 1173 K and 1293 K 
contain few other components which were not observed by Inoue et al. in their work. 
These differences could arise fi:om the sinqile feet that whereas the material used by 
Inoue et al. was cold rolled after solution treatment, the present alloy was hot rolled at 
1 173 K and 1293 K, the temperatures at which the P phase does not have a reasonable 
chance to recrystaUise. It should be mentioned here that whereas the material used by 
Inoue et al. [114] had a single p phase, the material in the present investigation 
contained both the p (b.c.c.) and a 2 (Lc.p.) phases - some of the XRD lines of both 
the phases are very close and it is quite difficult to isolate the their individual effect on 
the pole figures and the ODFs of these two phases. A further cause of difference in the 
textures in these two cases could arise firom the feet that whereas the p phase in the 
alloy used by Inoue et n/. [1 14] is expected to be in a disordered condition, the P of the 
present alloy, when retained by quenc hing can not be in a fuUy disordered state [4]. 
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4.4.2.2 Texture of the a 2 Phase 

& 

As stated in Chapter 1, the aim of present investigation has p rimar ily been to 
study evolution of texture in the h.c.p. 0.2 phase as a result of thennomechanical 
processing. On the basis of microstructural features produced during processing, the 
texture of the aa phase can be classified under the following heads: 

(i) Texture of rolled primary at 

(ii) Texture of secondary at. 

(iii) Texture of primary plus secondary at 

(i) Texture of rolled primary ai 
Experimental Texture 

The as-cast material roUed at 1 173 K followed by quenching and the prior heat 
treated material similarly processed show nearly the same amount (~ 15%) of P at 
room temperature. Of course, it is understood that the P phase in the former case 
already existed when the material was raised to the tenq)erature of rolling. On the 
other hand, most of the p in the latter material nucleate during rolling. As mentioned 
in Section 4.3.1, the differences in the textures of the at phase in the two cases were 
not very significant in the sense that reasonably strong and perfect basal texture could 
be observed in the pole figures of the 80% rolled materials. 
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As seen in Figs.4.42 and 4.45. the basal pole distributions in the (0002) pole 
figures in both the materials show splitting along RD as well as TD at lower rolling 
reductions, however this tendency disappears after heavy amounts of rolling (80%). 
Although the pole figures of both the materials look quite similar, their ODFs (Figs. 

4.43 and 4.46) show distinct differences in the sense that whereas in the heat treated 
alloy most of the orientations are clustered along the [0001] || ND direction, extra 
orientations appear along the [1010] [| RD, specially in case of the 80% rolled material 
in the as-cast specimens. It therefore appears that while the orientations near 
[0001] II ND must have arisen due to the rolling of the a 2 phase, the other orientations 
along the [lOTO] || RD could be possibly due to the texture produced in the (3 phase 

which was subsequently inherited by the secondary a 2 phase. A comparison of Fig. 

4.44 with Fig. 4.50, depicting the ODF sections of the fitmace cooled materials, will be 
quite interesting in this regard. In the furnace cooled materials, at room temperature, 
the phases present will be rolled primary a 2 and secondary ai produced fix»m the 
rolled (3. In &ct, in the 1373 K rolled and then furnace cooled material (Fig. 4.50 c) 
the room temperature phase will consist of almost fully secondary a.i. The texture 
here shows similar orientation distributions along the [1010] || RD as found in Fig.. 

4.44 (c). It is interesting to note that in the texture of the furnace cooled sanple there 
are practically no orientations along [0001] || ND which must therefore be a 
characteristic of the rolled at texture. 


189 





Chapter 4 : Evolution of Texture and Microstructure.., (Discussion) 

Very little work seems to have been carried out on the evolution of texture in 
Ti 3 Al base alloys, in particular Ti-24A1-1 INb, during hot rolling. Whatever scanty 
information is available, it is in the form of mostly pole figures only [93,94]. The most 
comprehensive amongst these is due to Hon et al. [93], which aimed at examining the 
evolution of hot rolling textures in a Ti^s AI 25 Nbio alloy. It has been reported that 
using a proper rolling process involving unidirectional multipass rolling at 1153 K, a 
basal texture could be developed. It was also inferred firom their investigation that a 
lower temperature of rolling and a higher degree of rolling deformation could be 
favouring the evolution of basal (0002) aj texture with improved intensity. Rolling at 
higher temperature, where the content of P phase is more, could impose additional 
constraints on the rotation of 0.2 grains, thereby lowering the intensity of ( 0002 ) 0 . 2 . 
All evidences firom the work by Hon et al. point to the fact that the sharp basal texture 
in the Ti 65 Al 25 Nbio alloy is caused by the deformation of the a 2 grains during the 
rolling process. These observations of Hon et al. [93] broadly tally with the results of 
the present investigation. 

In spite of this agreement, a proper comparison of the present results with 
theirs was not possible as because they studied texture using pole figures only and 
those were not at all very detailed in nature. An attempt was therefore made to 
compare the present results with those observed in pure titanium and (a+P) alloys of 
titanium which do possess, the hexagonal a phase that is quite similar to the a 2 phase 
in the present alloy system under investigation. The rolling texture of tita n i u m below 
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its allotropic transformation (a — > P) temperature is likely to correspond to that of the 
rolled a 2 phase of the ThAl-Nb alloy in the present work. 

Cold rolling of commercially pure titanium (hereafter referred as C.P. Ti) upto 
40% reduction was found to produce a texture with major components as 
{0001} ± 40° TD <1010> and {0001} < 1 120 > and some other minor components. 
After 80% rollin g deformation the texture evolved mainly consisted of 
{0001} ±40°r£)< 1010 >[118]. Structural investigations by the same authors 
revealed the evidence of profuse twinning at lower degrees of deformation. 


Here {0001} i 40°7Z) < 10 1 0 > means that the hexagonal o-axes <0001> are tilted ±40° from the 
sheet normal direaion towards the transverse direction; < 10 1 0 > being parallel to the rolling direction. 


Twinning, however, was not found to be present beyond 40% deformation and above. 
This led to the assumption that the final texture after heavy amount of deformation was 
due to glide only. This kind of behaviour has also been reported by Nauer-Gerhardt 
and Bunge [1 16] for texture evolution during cold rolling of C.P.TL 

Investigations by Inoue and Inakazu [117] on a similar material, however, led 
to a completely different texture after heavy cold rolling. They observed a deformation 
texture consisting of a (1210)[1010]orientation and a (0001) [uvtO] orientation 
having a maxima at (0001) [21 10] at lower reductions and a (1 2 1 4)[10 1 0] at higher 
levels of reduction. They further concluded that the (1214) [1010] component 
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develops as a result of interaction between slip and twinning. This conclusion of theirs 
clearly implies that twinning is a dominant mode of deformation even during the later 
stages of deformation. This is in contrary to what Lee et al. [118] suggested and 
therefore the two viewpoints are dhBBcult to rationalise. However, whereas the starting 
hot rolling texture reported by Lee ar a/ [118] consisted of the components {0001} ± 
40° TD <10 1 0> and (0001 } ± 40° TD <1 1 2 0>, the hot rolling texture of the starting 
material used by Inoue and Inakazu consisted of an orientation tube extending from 
(0225) [21 10] to (1214) [10 1 0] and the (1210) [1010] orientation in which the 
[0001] axis is parallel to the transverse direction. The resemblance of the major 
texture component during initial hot rolling and subsequent cold rolling in both the 
above mentioned cases suggest that cold rolling essentially leads to a sharpenmg of the 
starting texture. It is to be recalled here that, in the present case the texture of the 
startmg as-cast as well as heat treated material is also a basal texture (Fig. 4.35), the 
strongest component being (0001) [1010]. Thus, it is quite likely that the basal 
texture will survive during the subsequent hot rolling in the ai phase field. 

The question may be raised at this point on the advisability of comparing the 
hot rolling (or warm rolling) texture of TisAl-Nb with the cold rolling texture of C.P. 
Ti. In this connection it may be mentioned that for C.P. Ti both the cold and hot 
rolling textures can be described as (0002) ± a° [1010] which means that the (0002) 
poles are concentrated at ± a° from the sheet normal in the transverse direction and the 
[1010] direction is parallel to the ro lling direction [119]. This texture is supposed to 
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be affected by rolling temperature [120], roUing direction [121,122], reduction in 
thickness [123], heat treatment [124] and impurities. 

The pole figures in the present investigation have invariably shown some 
significant deviation firom the perfect basal texture, especially during lower degrees of 
deformation. The basal poles are sometimes found shifted from the centre towards the 
RD (Rolling direction) or towards the TD (transverse direction) or botL These 
textures have been termed as RD split or TD split respectively in the literature in which 
specific instances of formation of such textures have been reported both in case of C.P. 
Ti and Ti-6A1-4V alloy. 

Nourbakhsh and O’Brien [125] investigated texture formation in C.P. Ti during 
cold rolling, the starting material having a random texture. They observed that at low 
strains Ti deforms mainly by twinning, whereas at strains above 40%, deformation 
takes place solely by slip. After cold rolling by about 20%, a split RD type texture 
forms in this material, and this changes into a split TD type during further deformation 
upto 40%. Twdnning is believed to be responsible for the rapid development of 
texture as well as textme transition. However, the formation of the stable end texture 
is thought to be due to slip. 

Tanabe et al. [119] reported that in a material with initial random orientation, 
the texture developed by rolling at tenqjeratures below 973 K consisted of the (0002) 
poles concentrated at 20-30° from the sheet normal towards the rolling direction (split 
RD texture). At temperatures above 1023 K, additional peaks of (0002) poles 
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concentrated at 50-90° from the sheet normal in the transverse direction (split TD 
texture). It v^as further reported that the split RD texture formed only at low 
reductions (< 73.2%) and was changed to split TD texture at reductions above 80% or 
by annealing at 973 K. Their results indicated that the split RD texture is an 
intermediate component developed only at low reductions and is unstable during 
anne aling . Split RD texture was also found to develop at low cold rolling reductions in 
a material with initial random orientation. This behaviour changed after cold rolling by 
an amount 34.4%, when both split RD and TD textures were obtained. On the other 
hand, for materials having initial textures showong the (0002) poles located 25° and 40° 
from the sheet normal towards the transverse direction (split TD texture), the cold 
rolling texture was found to be essentially similar to the starting texture, and no split 
RD texture was found to develop. 

Theoretical investigations [126] based on twinning could explain the formation 
of new basal poles near the sheet normal and in the transverse direction at the early 
stage of cold rolling. However, as critical resolved shear stress for twinning is higher 
than that for slip at elevated temperatures [127], it appears diffi cult to account for the 
split RDTTD textures in hot rolled materials by the operation of twinning. 

The possibility of the occurrence of twinning in the present material has been 
ruled out as it is an ordered material [4]. Careful experimentation using TEM has also 
not revealed any twinning during the rolling process. Thus twinning cannot be 
responsible for the formation of the RD split and TD split textures observed in the 
present investigation. 

I 
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Inagaki [128] has further reported that the texture produced in C.P. Ti 
specimens hot rolled at temperatures below 1073 K (essentially in the a phase) is the 
same as the cold rolling texture, namely, {2115} <0110>. In the present case, the 
stable end orientation of the ai rolling texture is a fibre texture within about 12° (in 
from the basal {0001} || ND (Figs. 4.44 and 4.47), whether the starting material is as- 
cast or heat-treated. The final hot and cold rolling texture reported by Inagaki in the a 
phase, on the other hand, is {2115} <01 10> which was presumably obtained from the 
component {0001} <0110> by rotation around <0110>. Interestingly, the {0001} 
<01 1 0> component, which is part of the {000 1 } || ND fibre, is the major component of 
texture obtained by Inagaki after about 50% deformations, in his material Thxis, 
whereas the texture of a 2 in the present investigation can be described by a partial 
fibre, obtained by rotation of about 10-12° around the <0110> axis from the perfect 
basal texture, Inagaki’s stable end texture in C.P. Ti is obtained by a rotation of about 
33° around the same axis from the perfect basal This difference could be characteristic 
of the materials themselves. The. one important point of difference is that whereas 
Inagaki’s starting material had a texture {1013} <1210>, the initial texture of the 
TisAl-Nb in the present case was a near basal texture only. 

On the basis of rigorous experimentation using the ODF method, Inagaki [129] 
suggested that the cold rolling texture develops in from hot rolled material with an 
initial texture of {1013} <1210>. 
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(i) at reductions below 30%, the {1013} <121 0> initial texture 
weakens remarkably by twinning and slip rotations; 

(ii) between 30 and 50% rolling, a [0001] parallel to ND basal texture 
with its centre at the {0001} <0110> orientation develops mainly 
through slip rotations; and 

(Hi) at rolling reductions above 50% the {0001} <0110> orientation 
rotates towards the {2115} <0110> by rotation around the 
<0110> axes. The component {2115} <0110> is therefore the 
stable end orientation in the cold roUkig texture of C.P. XL 

The evolution of texture in the primary ai phase in the experimental alloy will 
now be discussed with reference to the roiled a texture in a two phase (a + p) Ti alloy 
such as the Ti-6A1-4V. In Ti-6A1-4V, the relative volume fractions of the a and p 
phases vary continuously with increasing temperature, and the hot roiled texture of this 
alloy win therefore be affected by rolling temperature as a function of the 
microstructural distribution of the constituting phases [130]. It has been further 
suggested [131] that texture development in (a+p) alloys such as Ti-6A1-4V, is also 
affected by the geometrical arrangement of the constituting phases. 

Tanabe et al. [119] investigated the development of hot rolling texture in Ti- 
6A1-4V sheets at different temperatures of rolling. They found that at temperatures 
below 1123 Ki, the texture consisted of both split RD and TD components. This kind 
of texture has also been found out by other workers [121, 122] for this ahoy. In 
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contrast to the behaviour of C.P. Ti, the spEt RD component of the texture does not 
change to the split TD type by rolling at reductions over 90% or by annealing [119]. 
Thus this texture component is considered to be arising out of the effect of alloying 
additions only. The amount of p phase at this hot rolling temperature is about 15-30% 
[132] and therefore the texture at this stage is essentially that of rolled a with a little 
amount of transformed p texture. As stated earlier, the splitting of the basal texture in 
the present investigation could not be accoimted for by taking twinning as a 
deformation mode. It therefore appears that this could be the effect of alloying 
additions only as in Ti-6A1-4V. 

A somewhat more detailed investigation on the evolution of texture during 
thermomechanical processing of Ti-6-AI-4V, using orientation distribution function 
(ODF) representation of textizre, was carried out by Inagaki [133]. According to him, 
hot rolling of the material at temperatures below 1123 K results in the formation of a 
[01 10] II RD partial fibre texture, whose centre is located at (2111) [01 10]. There is 
also a second component, namely, [0002] 20° from ND fibre which consists of 
orientations having their <0002> axes inclined 20° from the normal direction. This 
latter conqjonent corresponds to the (2 1 18) [8 44 3] orientation [133]. These texture 
components basically refer to the a rolling texture in Ti-6A1-4V. The starting material 
used by Inagaki for hot rolling was only weakly textured. The (0002) pole figure at 
this stage showed basal poles of intensity 2xRandom, situated symmetrically along 
both RD and TD away from the ND. 
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Peters and Luetjering [134] investigated a two phase (a+P) Ti-6A1-4V alloy 
with the primary objective of controlling the a grain size for equiaxed and bi-modal 
(equiaxed plus lamellar) micro structures with a view to obtaining grain sizes well 
below 10 lom. Side by side they also attempted to characterise and control the texture 
developed in this material due to heavy deformation. Two types of textures in 
deformed Ti-6A1-4V have been characterised by them: (i) the basal texture, where the 
basal planes (0002) lie parallel to the rolling plane and which has been achieved by 
cross-rolling at low temperatures [135]; (ii) the transverse texture, where the basal 
planes are perpendicular to the rolling plane and parallel to the rolling direction, which 
may be produced by deformation at high temperatures [136-138]. Sometimes, mixed 
textures co ntaining both the basal and the transverse components have also been 
observed to form [138, 139]. Peters and Luetjering also observed that unidirectional 
rolling at 1073 K of a Ti-6A1-4V alloy, having nearly random initial texture, led to the 
development of a mixed texture containing both the Basal (B) and the Transverse (T) 
parts, the maximum intensities for both the types increased with hacreasmg degree of 
deformation. 

Evolution of experimental textures - comparison with existing 
simulations 

The formation of the near basal texture in rolled primary o.i will now be 
discussed in terms of the available modes of deformation in ThAl-Nb alloy. Although 
t winning does not seem to take part in the deformation process of this alloy, this mode 
of deformation plays a do minant role, along with slip, in the evolution of a rolling 
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textiires in C.P. Ti as well as in (a+P) alloys, such as the Ti-6A1-4V. There has been 
some work on the simulation of a deformation texture in Ti and Ti alloys. These will 
now be enumerated and their relevance to the present case wiU be highlighted. 

Several workers have tried to model the rolling textures of Ti and its alloys 

Q 

[140-142]. Titanium (— < 1.633) is known to possess three slip systems - the basal 

a 

{0001} < 1120 >, prismatic {1 1 00} < 1120 > and pyramidal {101 1} < 1120 > with an 
a-Burgers vector and {1011}<1123> with a c+a-Burgers vector. In addition it can 
undergo {1012} twinning in tension, {11 22} twinning in compression and in some 
cases {1121} twinning in tension [143-145]. At room temperature the CRSS for 
prismatic slip is lower than that for basal and pyramidal slip [146, 147]. 

Thornburg [148, 149] and Thornburg and Piehler [150] followed the course of 
rolling texture evolution in Ti and its alloys. They e xamine d the active deformation 
mec hanisms through TEM work and calculated the lattice rotations associated with 
various combinations of active glide systems. Thus they could account for the classical 
Ti texture with c poles tilted towards TD by assuming a combination of several glide 
systems along with {1012} and {1122} twinning systems . They also predicted that 
restricting the active deformation mechanisms to glide only would produce a texture 
with central c-poles. The latter type of texture is normally found in heavily rolled Ti- 
3% A1 alloy, which does not show any twinning. 
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The rotation of the c-poles away from the central part of (0002) pole figures 
was predicted by Tenckhoff [151] on the basis of operation of several twinning 
systems. When the lattice is almost completely twinned, further twinning is blocked 
and therefore only glide can occur thereafter. Thus the splitting of the c-poles in the 
final stable texture, tilted 20°- 40° towards TD, could be accounted for by pyramidal 
glide with a (c+a) Burgers vector on the {1121} or (101 1} planes. 

Philippe et al. [152] tried to explain the typical split RD (R) and split TD (T) 
type rolling textures in Ti and its alloys. They have suggested that the combination of 
{lOT 0} < 1 120 > and {lOT 1} < 1 120 > glides and (10 1 2} < 10 1 1 > tension twinning 
and {1122} <1123 > compression twinning leads to the formation of T type textures. 
On the other hand, the combination of {1010}<1120> prismatic glide, 
{10 1 1} < 1 120 > and {10 1 1} < 1123 > pyramidal glide and 
{1012} <101 1 > twinning, the latter being strongly iiEpaired, leads to the formation 
of R type textures. They further suggested that the addition of possible basal glide to 
the combination of deformation mechanisms would result in the c-axes coining closer 
to ND in a basal pole figure. 

For the purpose of simtilation of cold rolling textures, Ptd%pe [153] 
considered three different materials based on Ti: (i) commercially pure Ti, T40, (ii) Ti- 
6A1 alloy and (iii) Ti-6A1-4V alloy. The initial textures in these three materials along 
with their final experimental cold roUic^ textures and the corresponding simulations are 
shown for comparison, in the form of (0002) pole figures, in Fig. 4.64. As seen in this 
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figure the starting textures are rather different in the three alloys. For modelling the 
texture of T40, Phihppe [153] considered the following deformation mechanis ms : 
gliding on prismatic planes, cross slip with <a> direction and tw innin g In the first 
stage of deformation {1012} and (1 122} twinning are supposed to be activated upto 
about 50®'o deformation, after which deformation twinning is not considered as 
important and <c-ra> pyramidal gliding is supposed to be activated instead. The 
simulated pole figure based on this model was found to have a good correspondence 
with the experimentally measured pole figure (Fig. 4.64). For the Ti-6A1 and Ti-6A1- 
4V alloys, which had finer grain sizes as compared to T40, twinning was not 
considered very active and it was assumed that deformation essentially takes place by 
prismatic, basal and pyramidal <c+a> glides. In this case also good correspondence 
between the simulated and experimental textures was obtained. Philippe [153] also 
emphasised that for successful modelling work a good knowledge about both the 
evolution of microstructure and the deformation mechanisms involved is necessary. 

A careful look at Fig. 4.64 shows that in c^e of the Ti-6A1 alloy the initial 
starting te.xture is basal, as in the present investigation on ThAl-Nb alloy. The 
experimental rolling texture is of a split RD type which has been successfully simulated 
by assuming mainly basal, prismatic and pyramidal glide, but no twinning. Thus it is 
quite apparent that it is possible to derive the experimental texture which is sometimes 
found for the rolled ai m the present alloy, on the basis of glide only. Essentially, the 
starting texture in both the as-cast as well as heat treated material seem to be retained 
and somewhat strengthened by the subsequent rolling process. 
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As mentioned earlier, work done by Hon et al. [93] on a Tiss AI 25 Nbio alloy 
has shown that hot rolling of this alloy leads to the formation of basal texture of the 
type (0002)[2020]. They suggest that the compressive deformation during ro llin g 
tends to cause the (0002) slip planes to become parallel to the roUing plane. At the 
same time the tension in the rolling direction produces slip of the a .2 grains along <a> 
direction near the roUing direction. Further slip could cause rotation of the ai grains in 
a manner that makes the rolling direction (tensile axis) to move towards the ideal 
[2020]. This orientation is symmetrically disposed with respect to the [1120] and 
[ 2 TT 0 ] which are the <a> slip directions near the RD and is expected to be quite 
stable. AH the above orientations have been indicated in a standard aa (0001) 
projection (Fig. 4.65), with [lOTO] as the rolling directioa 
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c- Simulated Textures 


Fig. 4.64 Comparison of (0002) pole figures; (a) initial textures, (b) final 
experimental textures, and (c) simulated textures for unalloyed Ti and 
two Ti alloys 
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Rolling Dircct>on 



:ia20] 


Fig. 4.65 (0002)a2 pole figure for a 1 153 K rolled material with a standard az 

(0001) projection having [1010] at the rolling direction superimposed 
on it [93] 

Till now the experimental and simulated textures have been compared on the 
basis of pole figxires only. Detailed simulation of rolling texture of at phase in TuAl, 
using three dimensional orientation distribution fimction (ODFs) has been carried out 
by Chen et al. [154]. An attenqjt will now be made to compare the present results 
with theirs. 

The 0.2 phase in TisAl deforms on three distinct slip systems [38]: (i) basal 
{0001} < 1 120 >, (ii) prismatic {1010}<1120>(iii) pyramidal {1121} < 1126>. 
TEM analysis has shown that out of these the prism {10 1 0} < 1 120 > should be the 
dominant slip system [38, 34]. The CRSS for these slip systems in TisAl as a fimction 
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of temperature, indicating the (a2+|3) working temperatures used in the present 
investigation, is presented in Fig. 4.66 [4]. Aithough, the addition of Nb to ThAl is 
considered to increase the tendency for basal slip and perhaps homogeneous prismatic 
slip, but does not seem to increase the propensity for ‘c’ component slip [4]. It has 
already been mentioned that twinning, which is a common deformation mode is 
hexagonal a-Ti, can be excluded in TiaAl and ThAl - Nb due to the feet that they have 
ordered structures [4]. 



Fig. 4.66 Plot showing the variation of CRSSs for basal sl^ (0001) < 1 1 20 > , 
prismatic slip {1010} <1 120 > and pyrainidal slip {1121} <1 126 > in 
Tia Al as a function of temperature [3 8] . Dashed vertical lines represent 
the rolling temperature used in the present investigation. 
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The room temperature rolling texture of T^Al has been simulated by Chen et 
al. [154] using the Sach’s deformation model. Fig. 4.67 (a) to (c) show the ODFs in 
cold rolled Tis Al alloy, as described in their paper [154], for the starting material and 
also after two different levels of deformation. The corresponding simulated textures 
are shown in Fig. 4.67 (d to f). 

Some important orientations in the section 4)2 = 0° are shown in Fig. 4.68 (a), 
while the locations of the stable orientations, obtained by the activation of basal, prism 
and pyramidal slip system respectively, according to the above model, have been 
shown in Fig. 4.68 (b), (c) and (d). 

According to Minonishi et al. [38] the room temperature CRSS values for the 
02 phase in TisAl are in the ratio 1-.8: 1. 0:4.5 for the basal, prismatic and pyramidal slip 
systems respectively. These values indicate that prismatic slip should predominate 
during deformation in this alloy system However, the cold roUing texture obtained by 
Chen at aL [154] clearly demonstrated that with deformation, grain orientations move 
perceptibly towards low 4) angle position in the ODFs. This will be possible only when 
basal slip becomes the dominant defoimation mode. Accordingly, Chen et al. [154] 
attempted to simulate the cold rolling texture using different CRSS ratios between the 
three slip systems. In feet, they found that there is a high degree of correspondence 
between the experimental and simulated textures when the modelling is carried out 
using the CRSS ratio 1:4.5 :9 between basal, prismatic and pyramidal slips. The 
simulations clearly showed that during cold ro lling upto a maximum of 35% reduction. 
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gr ain orientations accumulated towards low (j) angle positions as well as around 
(T iT 0)[10T 0] . Fig. 4.69 represents the path of orientation changes during simulation 
according to Chen et al. [154]. The arrows in this (j )2 = 0"^ ODF section indicate the 
directions of orientation changes, and the lengths of the arrows show roughly the 
speed of this change. It is clear from this diagram that after deformation is complete, 
the grain distribution finally reaches two stable orientations, such as the boundary 
between areas E and D and area A. 

Clearly, the locations of the orientation distributions in the ODFs of the present 
alloy (Figs. 4.44 and 4.47) tally reasonably well with the locations of pole distribution 
maxima as found out in the above simulation. Thus, the simulation work by Chen et 
al. [154] seems to explain the evolution of 0.2 rolling texture in the experimental alloy 
quite satisfactorily. However, it must be mentioned here that whereas Chen et al. 
[154] considered a maximum deformation level of 35% in their simulation, the 
deformation levels used in the present work vary between 50 and 80%. 
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(a) 0% reduction(max.=3.7) 


(d) 0% reduction(max.=3 .7) 
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Fig. 4.67 Rolling textures of TisAl; Measured (a), (b),(c) and Simulated (d), (e), 

(f) [154] 
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(a) 


O{0001}<10r0>, A{f2f3}<10f 0::> 
□(121 0}<10 f 0 >, #{ 0001}<1 2 10 > 

T{r2r3}<24 23> ■{ [ 2 1 0}<0001> 



(b) (c) (d) 


Fig. 4.68 (a) Some important orientations in the section <j)a=0°, (b), (c) and (d) the 

stable orientation predicted by the activation of basal, prism and 
pyramidal slip systems respectively [154] 
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(ii) Texture of secondary qli 

In the course of the present investigation there have been two cases where 
texture measurements were performed exclusively on the secondary clz phase. These 
are the materials rolled at 1373 K and 1523 K followed by furnace cooling. The 
optical microstructure of the 1373 K rolled (80%) and water quenched sample (Fig. 
4. 17 ) shows p grains with profuse strain markings inside. On the other hand, the 1523 
K rolled (80%) and water quenched sample (Fig. 4.23 ) consists of larger p grains, 
which appear to be rather strain free (no strain marking inside the grains). Therefore in 
the former case, the secondary ai is expected to be derived from somewhat deformed 
P whereas in the latter case, the secondary az phase results from more or less 
reciystallised p. 

The textures of secondary az in the above two specimens exhibit remarkable 
differences. The (0002) pole figure (Fig. 4.48 ) for the 1373 K roUed and furnace 
cooled material clearly shows a non basal type texture while the 1523 K material 
exhibits a {0002} < uvtw > texture. The ODFs for both these conditions further reveal 

that the components like (0001)[1010] and (0001)[1 100] which are very weak in 
1373 K rolled condition get significantly sharpened in the case of 1523 K rolled and 
furnace cooled material. On the other hand, the conqwnent (2421)[1010] gets 
relatively weakened in the latter. 

Texture development in the secondary az phase occurs through three stages: (i) 
transformation during heating from az (primary) P, attended by acquisition of a 
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texture by p from ai, (ii) development of rolling and/or recrystallisation texture in the 
P phase during hot rolling and (iii) transformation during cooling of P-KI 2 
(secondary'), causing the formation of transformation texture. 

In the TisAl-Nb system, continuous cooling from the P phase region results in 
precipitation of laths of a or a 2 in compositions of upto at least 11% Nb [4]. The 
crystallographic transformation between ai and P follows the Burger’s relationship: 

(0001).J(110), , 

The Burgers relationship between the a 2 and p phases is shown 
stereographically in a composite (0001)^^ and (110)^ stereogram (Fig. 4.70). This 

diagram illustrates the parallelism of slip vectors and planes in the two phases. The 
four possible < 1 1 1 > slip vectors in the p phase are enclosed in boxes. The p zones 
containing three of the four slip vectors which are also parallel to a possible az slip 
vector, are indicated by dotted lines in this diagram. Such a diagram is very useful in 
determining the possible az texture components from a parent P orientation. 
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Fig. 4.70 Stereographic projections showing the Burger’s relationship between ai 
and p phases and parallelism of slip vectors and planes. The four 
possible <1 1 1> slip vectors in P are enclosed in boxes. Dotted lines 
indicate P zones containing three of the four slip vectors which 
are parallel to a possible az slip vector [35] 
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Table 4.3 The 12 orientation variants according to the Burger’s relationship 
during a 2 -»p transformation [155] 


Number of Variants Correspondence planes Correspondence directions 


P phase a phase 


P phase a phase 



(Oil) II (0001) 



(101) II (0001) 



(011) II (0001) 



(101) II (0001) 



(110) II (0001) 



(110) II (0001) 


[11 nil [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 


[111] II [2110] 
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The Burger’s orientation relationship during P->a 2 transformation leads to a 
total of 12 orientation variants and these are shown in Table 4.3 [155]. Accordiog to 
these authors, the transformation texture components (2110)[0331], (2110)[0lll] 
and (2110)[0T 13]could arise from the {001} < 100 > and {001} < 110> orientations 
of the P according to the variants V3-V6 and V9-V12 in Table 4.3. Similarly, the 
components (2111)[2316], (1012)[5413], (2115)[5413] and (2110)[0Tll] could 
arise from the {1 12} < 1 1 1 > and {001} < 100 > orientations of the p according to the 
variants V1-V12 in Table 4.3. 

The phenomenon of P -> a 2 phase transformation in Ti was dealt with by 
Inagaki [128] in soroe details. Assuming that the main orientations of the hot rolling 
texture developed in unrecrystallised b.c.c. p phase in Ti consist of{ 100}<011>, 
{311}<011>, {211}<011>, {111}<110> and {1 1 1} < 1 12 > , orientations of the 
ai phase derived from the above orientations via Burger’s relationship were calculated. 
Among the calculated product orientations, those haviug ([> (Roe notation) in the range 
between 25° and 35° were plotted by Inagaki in the (j) = 30° (Roe notation) section. 
The same has been converted into Bunge notation and the resulting plot is shown in 
Fig. 4.71. 

The superposition of the <i )2 = 0° section of Fig. 4.71 on the (|)2 = 0° sections of 
the ODFs of secondary aj produced from 1373 K and 1523K rolled (80%) p phase at 
once gives an idea of the origin of the different az texture components in the parent p. 


215 





Chapter 4 : Evolution of Texture and Microstructure... (Discussion) 

The texture in the former case shows only a weak maxima near [0001]||M) location, 

however there are significant pole densities in other parts of the relevant section. In 
fact aU the pole densities here can be accounted for by assuming texture transformation 
from the components {100} < Oil >, {31 1} < 011 >,{211} < 011>,{111} < 110>and 
{1 1 1} < 1 12 > orientations in the parent p. 

The texture of the secondary ai formed from the 1523K rolled material is very 
much different from the one derived from the 1373 K roUed material (Fig. 4.48 ). It 
appears a little bit of a paradox since the secondary a 2 in both the cases are derived 
from high temperature p phase. However, as mentioned earlier, the p phase after hot 
ro lling at 1373 K appears to have some strain left in it as shown by plenty of strain- 
markings within most of the grains (Fig. 4.17 ). It may be mentioned here that the 
temp, of 1373 K is near about the same as the P transits temperature in this material. 
On the other hand, the p of 1523 K rolled material is essentially recrystallised and 
strain firee (Fig. 4.23). The difference in the secondary at texture in the two cases can 
be understood in terms of the difference in the state of stress of P in the two cases. 

Fredericks [156] proposed that if the P to a transformation takes place under 
constraints from the rolling deformation, only one of the six highly textured {110} 
planes is fevoured in transforming to the {0002} planes of the product hexagonal 
phase. This could ejq)lain, why the [0001] | A® texture is almost absent in the texture 
of the secondary phase derived from the 1373 K rolled material 
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It has also been argued [157] that if the textured p phase is allowed to 
recrystallise first, before transforming into the a-phase, all six {110} planes will be 
equally favoured in transforming to the basal plane giving rise to a strong basal texture. 
Presumably, this is precisely what is happening during the P -> a 2 transformation in the 
1523 K rolled material. As can be seen in the optical micrograph. Figs. 4.23 , the P 
phase alter rolling at 1523 K appears more or less fiiUy recrystaUised and in a strain- 
fi'ee condition. This is also corroborated by the series of TEM micrographs shown in 
Figs. 4.25. Thus the secondary az produced from the 1523 K rolled material is 
expected to show basically a basal texture, which is clearly what is obtained in the 
present case. 




02 = 0 ’ 




(OOOl)DOTO] X- 


( 0001 ) [ 2 TT 0 ] 
[0001]11NO-1 / (0001)[lT00] 
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Fig. 4.71 The aJaz textures predicted fi:om a few p orientations 
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(iii) Texture of primary plus secondary at 

The samples which were rolled at 1293 K and either water quenched or furnace 
cooled belong to this category. In the former, the room temperature microstructure 
consists roughly of 50% primary a 2 (partially recrystaUised) and 50% p. In the latter, 
the room temperature microstructure consists roughly of 50% primary and 40% 
secondary aj, plus some retained p. 

The crystallographic texture of in the primary a 2 /p sample differs very 
significantly fi’om the texture of a 2 in the primary a 2 /secondary a 2 sample (Figs. 4.53 
(b) and 4.50 (b)). The texture in the former case appears more intense than in the 
latter. The other major point of difference is the much stronger near basal components 
in the former as compared to the latter. This trend is also very clear in the 
corresponding (0002) pole figures (Figs. 4.5 1 (b) and 4.48 (b)). As has already been 
mentioned earlier, the few texture components along [101 0^\RD found in the ODF of 

the primary a 2 /secondary a 2 sample (Fig. 4.50 b) are presumably due to the secondary 
a 2 derived fi’om rolled p. 

The ODF of the primary a 2 /p sample shows, in addition to the near basal 
components, some other texture components lying on the [1010|ifD line with 
maxima nearer to {1210} <1010 >. As already mentioned earlier, at least some of 
the texture components lying along the above fibre could also be derived firom the 
texture of rolled p by transformation. The formation of any secondary 02 phase can be 
ruled out in this sample. 
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Chen et al. [154] from their texture simulation studies in T^Al base alloys have 
shown that activation of the prismatic slip system will move material towards the 
{T 2 TO} < 10 1 0 > location. Iit^aki [133], who worked on the evolution of texture in 
a Ti-6A1-4V alloy during hot rolling, also suggested that the prismatic slip -will enhance 
the formation of {1210}<1010> component of texture. At the hot rolling 
temperature of 1293 K the CRSS values for basal and prismatic slip in ThAl-Nb are 
not much different (Fig. 4.66). Thus rolling at this temperature is expected to involve 
profuse basal and prismatic slip resulting in a near basal texture plus some orientations 
along the {101 0}||i?Z) with maxima near to {1 2 1 0} < 01 1 0 > . This is what has been 
observed in the texture of the primary ai/p sample. 

In the furnace cooled sample where both primary 0.1 and secondary 02 coexist, 
the near basal component appears rather weak (Fig. 4.48 b). The difference in the 
processing between this sample and the previous one was that while the former stayed 
after rolling in a high temperature region for a much longer period of time, the latter 
did not have that opportunity. In other words, the fiimace cooled material underwent 
much more extensive recovery and partial recrystallisation as compared to the 
quenched material. These differences are also apparent in their TEM microstructures 
(Figs. 4.14 and 4.15). It, therefore, appears quite plausible that the tangible decrement 
of the near basal texture of primary <x\ in the furnace cooled sanq)le has been caused by 
the anne aling effect. The effect of anne aling on the formation of basal texture will be 
dealt in much more detail in the next chapter. 




Chapter 5 


Stability of Basal Texture on 
Annealing 


In the previous chapter, the effects of various thermomechanical processing 
parameters on the evolution of texture and microstructure in the Ti-24Al-llNb alloy 
were enumerated and discussed. It has already been suggested that in order to achieve 
good ductility and formability in this alloy, it is desirable to have a good basal 
{0001} < uvnv > texture [93]. In addition, it is also desirable to control the 
microstructure to optimise the properties in order to make the as-processed alloy 
suitable for various applications. The proper microstructural control is usually done by 
subsequent annealing treatments following the deformation processing. These 
treatments are most likely to affect the texture of the material also. It is therefore 
essential to have a comprehensive idea of the texture developed/modified as a result of 
post rolling heat treatment. 

In order to examine the stability of the basal texture after heat treatment, the 
material with the processing sequence as-cast— ^eat treated— ^ot rolled at 1173 K by 
80% reduction in thickness— )water Quenched, was chosen. This starting material 
possesses the strongest basal texture as has already been found out. The heat 
treatments were planned in such a way that the effects of both aa/p phase fraction as 
well as substructural/microstructural c hang es could be examined. Isochronal annealing 
was carried out for a period of 1 hour at four different temperatirces within the range 
1 123 K-1293 K. At the highest temperature used (1293 K), the constituent phases (aa 
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and p) assume equiproportional volume fractions as predicted by the phase diagram. 
Secondly, isothermal annealing was also performed at the temperature of 1173 K for 
various lengths of time. The temperature was chosen such that the volume fraction of 
the P phase will not vary significantly with time of annealing. 

5.1 Isochronal Annealing 

5.1.1 Microstructure 

The Scanning electron micrographs of specimens annealed for 1 hour at 
temperatures 1123 fC, 1173 K, 1233 K and 1293 K are given in Figs. 5.1 (a-d) 
respectively. It can be seen from the Fig. 5.1 (a) that there is some apparent change in 
the gross microstructural feature of 1123 K annealed material from the as rolled 
condition (Fig. 4.9 c). Definite signs of the rolling process is quite discernible in the 
SEM micrograph. However, the TEM micrograph ( Fig. 5.2 ) shows definite signs of 
the onset of recovery. Thus the material at this stage is in a partially recovered 
condition. The microstructure of the 1 173 K annealed material shows the presence of 
a few equiaxed grains (Fig. 5.1 b). The signs of deformation are not that apparent in 
this micrograph. The substructural features as seen in the TEM micrographs of this 
specimen (Figs. 5.3) indicate extensive recovery as well as the initiation of 
recrystallisation at many places. 
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Fig. 5.1 SEM Micrographs of isochronally annealed (1 hr) specimens for the 

annealing temperatures (a) 1 123 K, (b) 1 173 K, (c) 1233 K and (d) 
1293 K (all water quenched) 
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Fig. 5.2 


TEM Micrograph of material annealed at 1 123 K for 1 hr showing the 
onset of recovery process 







Fig. 5.3 


TEM Micrograph of material 
features of (a) recovery pr< 
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The effect of annealing at the temperature 1233 K manifests itself m two 
different ways; (i) substructurai changes accompanying recovery and recrystallisation 
and (ii) increase in the |3 content of the material Hie SEM microstructure (Fig. 5.1 c) 

reveals a nearly uniform equiaxed grain structure for the aa phase wi P 

triple point regions. TEM microstructures (Figs. 5.4) reveal almost My recrystallis 

f tVif hi ghly recovered 

areas in many places in addition to some remnants o 
substructure. 

After aimealing at 1293 K for I hoar the SEM micrograph shows a duplex 

structure with and p grains - both having nearly equiaxed moiphology and of 

. ^ >4 ft HprG HTC 50l50* 

comparable sizes. Evidently, the volume fractions of aa sn p 

11 - j Wo rpig 5 5): it is difficult to 
TEM micrographs at this stage shows recrystallised grams (Fig- h 

distinguish the a 2 from the P grains by just looking at their features. 

5.1.2 X-Ray Diffraction Profiles 

The XRD profiles recorded for all the isochronally annealed samples are 
presented in Fig. 5.6. These profiles clearly indicate that there is slight decrenKnt m 

the intensity of (0002) peak of the 1 123 K annealed material comp 

j u ii-Tg y" A K annealed materials 

as-rolled material. On the other hand the 1173 K and 12 

exhibit stronger (0002) peak reflection- The intensity of the basal re 
drastically in the case of 1293 K annealed sample. 
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Fig. 5.6 


X-ray dififractioa patterns for the isochronahy annealed specimens 
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5.1.3 Textural Changes 

The textural investigations were confined to the a 2 (h.c.p.) phase only; as the 
main interest in the present case was to study the stability of basal texture of the 
starting material as a function of annealii^. 

The (0002) and (2020) pole figures for the 1123 K, 1173K, 1233 K and 1293 
K annealed samples are shown in Figs. 5.7 and 5.8 respectively. The rationale behind 
the use of the (2020) pole figures in addition to the (0002) is as follows. It is 
commonly believed that in h.c.p. metals, after annealing, the recrystallisation texture 
appears quite similar to the rolling texture [158]. The relation between the two types 
of texture is usually described by a rotation about the hexagonal axis. As a result the 
disposition of the basal poles may re main approximately unaltered consequent upon 
recrystallisation. It is because of this.that (2020) pole figures are considered to be 
more informative as compared to the (0002) . The (0002) pole figures for aU the four 
heat treated samples indicate the presence of a sharp basal texture in aU of them. 
However, the corresponding (2020) pole figures show that the maxima in the pole 
densities appear not exactly at the basal positions but slightly away fi'om it. However, 
the maxima are arranged in the feshion of a near basal fibre texture. There are also 
subtle differences in the pole figures for the different sanqjles. For exarqjle, the 
intensity of the near basal poles shows a drastic decrement (firom 9.4R to 5.9R) in the 
1 123 K / 1 hr annealed sarcqjle as corqpared to the pole density in the starting materiaL 
The pole densities show an increase after heat treatment for 1 hr at temperatures 1173 
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K and 1233 K, The pole density again decreases after isochronal annealing at 1293 K 
for 1 hr. Another minor difference in the pole figures for the four samples is also 
clearly visible in the (0002) pole figures. For example, the basal poles in the 1 173 K / 
1 hr sample show a distinct RD split behaviour, whereas the basal poles in the 1293 K / 
1 hr sample show a RD-TD split. 
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The orientation distribution function (ODF) plots for all the isochronally 
annealed materials are shown in Figs. 5.9 to 5.12. In order to have a comparative 
study, the ^2 = 0° and <1)2 = 30° sections of aU the ODFs are separately given in Fig. 
5.13 (a-d). The ODF plot of the 1123 K annealed material displays a number of 
orientations along [000 1|M), [10T0|i?D and [10T0|rD fibres (Fig. 5.13 a). All 

the fibres are rather weak. The intensity of the near basal fibre is decidedly much 
weaker as compared to that in the starting material The specimen annealed at 1 173 K, 
on the other hand, shows the retention of the near basal texture, the fibre being located 
at 6° towards (j) fi:om the (0001) < wvfM'>(Fig. 5.13 b). In the ([(2 = 0 section, the 

strongest maxrma appears at near (0001)[1 1 00] locatioa The other strong maxima is 
located at near (0001)[1210] positioa From the ^2 = 30° section, it can be seen that 
the other texture maxima appear at near (0001)[43 10]/[5410], (0001)[1210], 
(0001) [2 110] and (011 6)[2421] . The last one is a non basal component. 

The orientation distribution function plots for the 1233 K annealed material 
show a strong maxima at (j) = 12° firom the ideal (0001)[1010] (Fig. 5.13 c). The 
other strong orientation, rather the strongest orientation in this case is at 
(01 15)[3421]. In addition to these two, there are other orientations like 
(0001)[4310]. (0001)[1211],(0001)[0T10] and (0Tl5)[2TT0], which are also 
reasonably strong. 
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Fig. 5.13 (j )2 = 0° and 30° sections of the ODF for the isochronaUy annealed 

materials; (a) 1123 K, (b) 1173 K, (c) 1233 Kand (d) 1293 K 
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In the 1293 K annealed material, the main texture components as revealed in 
theODFsare (0001)[1210], (0001)[10TO], (0001)[2110], (0001)[lT00] (aUat(l) = 

6° from the ideal positions) and a few non basal orientations like the (12T0)[6061] 
(Fig. 5.13 d). In addition, a few relatively weak orientations like (0116)[0331], 
(0223)([2TT0], (0221)[2TT0] and (0lT0)[2TT0] do also appear in the ODF. 

5.2 Isothermal Annealing 

The textural changes on annealing were more thoroughly e xamine d at 1173 K. 
The rationale behind the choice of this temperature was to study the stability of the 
near basal texttne in this material as a function of annealing without the interference of 
any phase transformation of the type 02 — When the as-cast heat treated 
material is hot rolled at 1173 K by 80%, it practically acquires the maximum 
volmne fraction which persists at the room terq)erature after quenc hing . This 0.2 also 
has a strong near basal texture. The purpose of annealing the starting material at this 
temperature for different lengths of time was to study the stability of the basal texture 
during recovery, recrystallisation and grain growth phenomena to which the material 
will be subjected. The accompanying developments in microstructures and changes in 
X-ray line profiles were also examined in this connection. 
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5.2.1 Microstructure 

The scanning electron micrographs for the material annealed for 15 minutes, 30 
minutes, 2 hrs and 12 hrs are shown in Figs. 5.14 (a-d). It is apparent from these 
microstructures and from the microstructure of the starting as rolled material (Fig. 4.9 
c) that the material annealed for 15 min hardly shows any significant change from the 
microstructme of the starting material (Fig. 5.14 a). Annealing for 30 min produces a 
few equiaxed grains in the microstructure (Fig. 5.14 b). Further annealing upto 1 hr 
leads to an increase in the volume fraction of grains with equiaxed morphology (Fig. 

5.1 b), while the material annealed for 2 hrs contains almost fuUy equiaxed grains (Fig. 
5.14 c). The microstructure remains stable upto the annealing time of 8 hrs. On 
annealing for 12 hrs, the grains are seen to grow (Fig. 5.14 d). 

The TEM study of the microstructures reveals that the material annealed at 
1 173 K for 30 min undergoes extensive recovery. The TEM microstructures displayed 
in Figs. 5.15 (a) and (b) show an overall view of the features, while the ones shown in 
Figs. 5.15 (c) and (d) indicate extensive recovery in the az phase as well as the 
presence of a few recrystaHised grains of (Xz. The p phase remains more or less in a 
strongly deformed state. 

The TEM micrograph of the 1 hr annealed material shows a much more 
advanced stage of recovery and clear cut initiation of recrystallisation as shown earlier 
in Figs. 5.3 (a and b). The material annealed fox 2 hrs shows signs of recrystallisation 
at many places, although isolated deformed areas are also seen. Figs. 5.16 (a-d) show 
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typical microstructures from deformed, highly recovered, partially recrystallised and 
fuUy recrystallised regions respectively. A typical feature showing fish-tail type feature 
is also seen at this stage (Fig. 5.16 e). The TEM micrographs from the samples 
ann ealed for 8 and 12 hrs mostly show large recrystaUised grains only. 


5.2.2 X-ray Diffraction Profiles 

The XRD profiles recorded at slow scan for the isothermally annealed 
specimens are shown in Fig. 5.17. As it can be seen, the basal (0002) reflection keeps 
sharpening with the annealing time. The (2021), (2022), (2240) and (2023) peaks 
also sharpen indicating the stress relief occurring with annealing time. 
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SEM Micrograph of the material annealed at 1 173 K for a period of (a) 
15 min, (b) 30 min, (c) 2 hrs and (d) 12 hrs 
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Fig. 5.16 TEM \Iicrographs of the specimens annealed at 1 1 73 K for 2 hrs 
sho'^’.ing (a) partially recovered, (b) fully recovered, (c) partially 
reciystallised, (d) folly recrystaUised and (e) a fish-tail type of strucnire 
at the grain boundary 
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5.2.3 Textural Changes 

The (0002) and (2020) pole figures for the isothennally annealed specimens 
are shown in Figs. 5.18 and 5.19 respectively. As it can be seen from Fig. 5.18 (a), the 
specimen annealed for 15 min shows weakening of the basal texture as compared to 
the starting material (Fig. 4.45 c). There are some other weak orientations also in the 
pole figure. In addition, the basal texture shows a split TD tendency. For the 
specimen annealed for 30 min, the basal texture begins to get somewhat strengthened. 
However, the pole densities are seen to arrange all around the ND, thus causing a 
change in the splitting behaviour. The subsidiary orientations become somewhat 
weaker at this stage. Annealing treatment for 2 hrs brings about the tendency towards 
a spUt RD basal texture with pole density maxima remaining at the same intensity level 
as in the preceding sample. Annealing for a period of 12 hrs not only causes a 
weakening of the basal texture, but at the same time strengthens the non basal 
components. 

The (2020) pole figures also, as before, show the presence of a reasonably 
strong near basal fibre texture, the locations of the maxima along this fibre differ from 
sample to sample (Fig. 5.19). A remarkable weakening of the near basal texture, 
coupled with the strengthening of orientations other than the basal is also seen for 
longer periods of annealing (say, for 12 hrs). 
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The orientation distribution function (ODF) plots for the materials annealed at 
1173 K for 15 min, 30 min, 2 hrs and 12 hrs are shown in Figs. 5.20 to 5.23. For 
comparison purpose, the ^2 = 0*^ and 30° sections of the ODFs of the above samples 
are shown separately in Fig. 5.24. Fig. 5.24 (a), for the 15 min annealed material 
reveals the presence of a number of orientations including the basal, and the 
[101 0||iJ£> and [101 0|rD non-uniform fibre spreads; the latter two are not found to 

be present in the ODF sections of the as-rolled starting material (Fig. 4.47 c). AH these 
extra orientations other than the basahdisappear in case of the material annealed for 30 
min (Fig. 5.24 b). The ODF sections at this stage resemble those for the as-rolled 
material. The pole density maxima, for the 30 min annealed material, appear at 
(0001)[2 110], (0001)[3410] and (0 1 16)[2 110]. The same trend continues for the 
1 and 2 hrs annealed material with little shift in the positions of the maxima (Figs. 5.3 c 
and 5.24 c). 

The ODF sections for the 12 hrs annealed sample show a drastic change in the 
texture developed. In addition to the near basal {0001}||iVD texture, several fibres are 

also observed. These are (i) a fibre running firom (121 3)[10 1 0] to ( 1 2 1 3)[ 1 2 1 2] in 
the <|)2 = 0° section; (ii) a fibre running firom (121 1)[1010] to (121 l)[1216]in the 
(1)2=0° section; (iii) a fibre 6° away fi’om (0223)[2 1 1 0] to (0223)[0334] in the (j)2=30° 
sectioi^ and (iv) a fibre running firom (0221)[21 10] to (0221)[01 14] in the (j)2=30° 
section. In addition, there is a reasonably strong peak component at (01 1 2)[2 110]. 
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Fig. 5.23 Complete ODF of the material amealed 1 173 K for 12 hrs 
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a.l5min 


b.30min 


c. 2hrs 


d.12hrs 



Fig. 5.24 (j)2=0° and (j)=30° sections of the ODFs for the isothermally annealed 

(1 173 K) specimens for (a) 15 min, (b) 30 min, (c) 2 hrs and (d) 12 hrs 
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5.3 Discussion of the Annealing Results 

The work described in this chapter basically deals with the stability of the basal 
texture, formed during hot rolling, as a function of annealing. The physical processes 
which accompany annealing in this case are basically recovery, reciystallisation and 
limited grain growth of the ai phase. The temperature of annealing has been 
purposely kept low and quenching after heat treatment was practised so as to avoid 
the effect of phase transformation on the original basal texture. 

The starting material, here, was the heat treated and then 80% rolled (at 1173 
K) sample which was finally quenched in water. This led to the formation of a 
reasonably strong basal texture (Fig. 4.45 c). Detailed ODF indicated the presence of' 
a near [0001]j|M) fibre (Fig. 4.46 c). 

Isochronal anne alin g of the material for 1 hr at 1 123 K shows that the basal 
pole density decreases perceptibly (Fig. 5.7 a) as compared to the starting materiaL A 
look at the corresponding ODF (Fig. 5.13 a) shows that the near basal texture is 
perceptibly impaired and some new orientations, specially along the fibres [0 1 10|iiD 

and [0 1 10|TD appear. Microstructural evidences indicate that lot of recovery of the 

original hot rolled structure goes on at this stage (Fig. 5.2). Thus any reorientation of 
the gr ains , which normally occur during recrystalfisation (say), is not possible and 
therefore the textural change appears quite intriguing. Recent works [159, 160] on the 
effect of annealing on cold roUed ordered NisAlfB) and Ni 3 Al(B,Zr) has shown that 
these intermetalHc mat erials undergo a change in order during cold roDit^ and the 
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state of order tries to revert back to the original state during annealing. As a result of 
this, the texture of the cold worked material decreases in intensity perceptibfy during 
the recovery stage also when the changes in ordering are taking place, although no 
reorientation of grain due to recrystaUisation etc. occurs. Since the ai phase in the 
present alloy is an ordered phase [4] and since hot rolling of the material at 1173 K 
can be considered as similar to cold rolling at least in this case, a situation s imilar to 
the cases of the Nickel aluminides can also be envisaged. The difSculty of monitoring 
the changes in the state of order in the oz phase lies in the feet that here the intensities 
of the superlattice lines are extremely low (Table 5.1)[161] and therefore very difScult 
to detect. Although no conscious effort was made during this investigation to study 
the changes in order during rolling and annealing of the experimental material, a 
comparison with the behaviour of similar intermetallic ordered phases may not be too 
fer-fetched. 
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Table 5. 1 Relative intensity values of all possible reflections for the Tia A1 phase 
obtained fi-om intensity calculation [161] 
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4 

2 

1.09552 


44.68582 

3.256072 

0 
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0 

4 

3 
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2 

4 

0 
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2 

4 

1 
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2 

2 

4 
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2 

4 

2 
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0 

2 

5 
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0 

4 

4 
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65.46822 
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0 

6 

0 
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2 

4 

3 
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0 

6 

2 
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31.81077 

0 

1 
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Chapter 5 : Stability of Basal Texture,^ (Discussion) 

With the advent of recrystallisation, the scenario starts changing. The 
materials which were isochronally annealed for 1 hr at 1173 K and at 1233 K again 
show mostly a basal texture of intensities comparable to that of the startiag material 
(Figs. 5.7 and 5.8). The corresponding ODFs again indicate a near basal type of 
texture with components a few degrees off from the perfect [000 1| A® . The SEM 

microstructures at these stages (Fig. 5.1 b and c) show a clear departure from what is 
seen in the microstructure of the 1 123 K annealed material (Fig. 5.1 a). Whereas the 
latter shows clear indications of a rolled (deformed) stracture, in the former the 
tendency to form a more equiaxed structure is clearly discernible. TEM 
microstructures also indicate that after isochronal annealii^ at 1 173 K and 1233 K, the 
materials show distinct sign of recrystallisation of the a 2 phase. Thus, the textures of 
the materials at this stage can be considered as due mainly to recrystallisation and 
possibly some concurrent reordering process. It is commonly believed [158] that the 
rolling texture of Lc.p metals is retained upon recrystallisation. This very much 
appears to be the case in the present investigation. Isochronal aimealing for 1 hr at 
1293 K imparts a texture to the material which is distinctly different from the textures 
of materials annealed at 1 173 K and 1233 K. The basal texture, here, is not perfect in 
the sense that the maxima in the pole density distribution are not uniformly arranged 
around ND; rather there is a split alor^ the RD-TD direction (Fig. 5.7 d). The 
corresponding ODF shows a series of near basal conponents of somewhat lower 
intensity along with a couple of orientations near the (2110)[0110] location. 
Annealing at 1293 K gives rise to nearly equal volume fractions of the a .2 and p phases 
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(Fig. 5. 1 d) - both the phases showing an equiaxed grain structure. Since the material 
was quenched from the heat treatment tenqjerature, there was no scope of the 
formation of any secondary ai in this case. Thus the formation of texture components 
nearer (21 10)[0 1 10] in the oii must be due to the recrystallisation (and grain growth) 
in the phase. A look at the ^2 = 0° section of the ODF for the starting as-roUed 
material (Fig. 4.46 c) shows some intensity in a location not fer from (2110)[0Tl0]. 
It is quite likely, therefore, that this component, which is pretty weak to start with, 
becomes significantly stronger, not so much during recrystaUisation but especially 
during the gram growth stage of the aa phase. 

The texture results of the 1173 K isothermally armealed materials seem to 
reinforce the above ideas. Thus, both the pole figures and ODFs of the sample 
armealed for 15 min at 1 173 K (Figs. 5.1 8 a and 5.24 a) appear very similar to those of 
the sample annealed for 1 hr at 1 133 K (Figs. 5.7 a and 5.13 a). Both the materials 
are in an advanced stage of recovery, as revealed from the relevant TEM micrographs 
also. Thus the texture of the sample annealed for 15 min at 1 173 K is nothing but the 
texture in the recovery stage which, in aU probability, is accompanied by a reordoing 
process. The textures of materials annealed for 30 min and for 2 hrs at the same 
temperature (Figs. 5.18 or 5.24 b and c) appear rather similar to that of the starting as 
rolled material (Fig. 4.46 c). Since TEM microstructures indicate substantial amounts 
of recrystallisation at these stages, the corre^nding textures can be assumed to be 
nothing but recrystallisation textures of the material As mentioned earlienthe rolling 
textures seem to be retained in this material after recrystaUisation. The relative 
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locations of the rnavima along and close to the [000 1| A© direction are however 

found to be different between the texture patterns of the recrystallised samples on the 
one hanH and that of the texture of the starting as rolled material on the other. It has 
been suggested [158] that in h.c.p. metals the recrystallisation textures seem to be 
usually related to the deformation textures by a rotation about the hex^onal axis, with 
the result that the disposition of basal plane poles wiU be remaining approximately 
unaltered, although there could be some minor displacements. 

The sample which was annealed at 1 173 K for a total period of 12 hrs shows a 
host of other orientations over and above the near basal (Fig. 5.24 d). As shown from 
the SEM microstructure (Fig. 5.14 d), the material is not only fully recrystallised at 
this stage, it shows evidence of grain growth also taking place. Thus the texture at 
this stage is a typical grain growth texture of the experimental alloy. The main texture 
(co mp onents at this Stage, other than the basal component, are the four fibres as 
mentioned in Section 5.2.3. Some of the end components of these fibres such as 
(T2T3)[10T0] and (T2ll)[10TO] are not very fax from the (T2T4)[10T0] and 
(T2T0)[10T0] respectively, which have been reported to be present in the a 
recrystallisation texture of hot rolled C.P. Ti [1 17]. 

The (T2T0)[10T0] has also been found to be an important component in the 
deformation, recrystallisation and p ^ a 2 transformation texture of Ti-6AI-4V [133]. 
In a similar way, the component (0223)[2TT0] found in the texture of the present 
alloy is not very fer away from the (0225)[2TT0] conqwnent of the a 
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recrystallisation texture of C.P.Ti [117], The only difference between the present alloy 
on the one hand and the C.P. Ti and Ti-6A1-4V alloy on the other, appears to be that 
while in the former these components are observed only during the grain growth stage 
after recrystallisation, in the latter they essentially form as part of the recrystallisation 
texture, which practically does not show any basal component. 

When the experimental material is annealed at 1293 K for 1 hr (i.e. within 
the a 2 +P phase field), it is ejqpected that rapid grain growth of the a 2 after 
recrystallisation will occur simultaneously with the a 2 — >-j5 transformation. The P 
grains will therefore eat into the a 2 and as a result some of the a .2 orientations can 
become extinct. It appears that the advancing P grains will first consume the cl 2 
grains having orientations other than the basal and then attack the ones with the 
basal texture. This is possibly why the texture of the 1293 K / 1 hr annealed 
material (Figs. 5.7 d and 5.13 d) does not show the fibres (other than the basal) 
present inthell73K/12hr annealed material. Even the basal component of the 
texture also appears a little bit less intense possibly due to the invasion of the p 
grains into the basal oriented 0 . 2 . 

It thus appears that the basal hot rolling texture remains rather stable during 
recrystallisation annealing at temperatures within the single phase a 2 phase. The 
growth of the grains, after recrystallisation is corrgrlete, produces orientations other 
than the basal It also appears that annealing at temperatures in the (a 2 +p) phase field 
has the effect of decreasing the intensity of the basal texture to some extent The 
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effect of tta— KX2 double transformation on the stability of the basal texture wHl be 
discussed in the next chapter. 
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Chapter 6 


Effect of a2->P->a2 Transformation 
on the Stability of Basal Texture 


In the preceding chapter, the effects of isochronal and isothermal annealing on 
the texture of the a 2 phase have been studied. The heat treatment schedule was 
designed to examine primarily the response of basal texture to annealing. The 
temperatures were chosen in such a mann er that the cti phase does not undergo any 
structural transformation and therefore the textural changes associated with these heat 
treatments should purely be due to the thermal response of the substructure. In 
contrast, in the present chapter the effect of heat treatment involving a .2 aa+p/p — > 
a 2 transformation on the basal texture has been studied. In order to make the study 
more general, the heat treatment was not restricted to materials with strong basal 
texture only, even those materials with a weak basal texture or a non-basal texture 
have also been subjected to heat treatment involving the at ai+p/p-^ at 
transformation. 

The starting material was the as-cast alloy rolled to 80% reduction at 1 173 K, 
1293 K and 1373 K followed by furnace cooling after the finis h rolKng pass. Hence 
forward these samples will be referred to as R 1 173, R 1293 and R 1373 respectively. 
Each of these materials was heat treated at 1173 K, 1293 K, and 1373 K and again 
furnace cooled to room temperature. The approximate volume fraction of at at these 
three tenq)eratures are -85%, -50% and negligible respectively. For convenience. 
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these heat-treated materials will be referred to by the following symbols listed in Table 

6 . 1 . 

Table 6. 1 Symbols being used in the present chapter for denoting different 
heat treated materials 


Symbol 

Rolling 

Temperature 

Heat Treatment 

Temperature 

Duration of 

Heat Treatment 

R1173H1173 

1173 K(FC) 

1173 K(FC) 

24hrs. 

R1173H1293 

1173K(FC) 

1293 K(FC) 

8hrs. 

R1173H1373 

1173 K(FC) 

1373 K(FC) 

4 hrs. 

R1293H1173 

1293 K (FC) 

1173 K(FC) 

24hrs 

R 1293H 1293 

1293 K(FC) 

1293 K(FC) 

8 hrs. 

R 1293H1373 

1293 K(FC) 

1373 K(FC) 

4 hrs. 

R 1373H1173 

1373 K(FC) 

1173 K(FC) 

24 hrs. 

R 1373H1293 

1373 K(FC) 

1293 K(FC) 

8 hrs. 

R 1373H1373 

1373 K(FC) 

1373. K(FC) 

4 hrs. 


The choice of the duration of heat treatment at a particular temperature was 
mainly based on the time response of the phase transformation at the three 
temperatures used [1 1]. 
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6.1 Microstructure 

6.1.1 Heat Treatment of 1173 K rolled and furnace 
cooled material 

The SEM micrographs of the three heat treated materials along with the 
micrograph of the starting material are shown in Fig. 6.1 (a to d). The microstnictore 
of the material heat treated at 1173 K for 24 hrs shows equiaxed p rimar y a 2 grains 
with the p phase only at the triple junctions. The averse size of the a 2 grains was 
estimated to be nearly 5 pm. 

Heat treatment of the starting material at 1293 K for 8 hrs followed by furnace 
cooling results in a microstructure contaming primary a:, substantial amount of 
secondary a 2 and P (B2). In this case, p forms as a continuous film around the 
eqtuaxed at grains. The ai grains appear perceptibly larger than in the previous case. 
The secondary a 2 does not seem to form as separate entities, rather they are likely to 
grow on to the pre-formed p rimar y a 2 grains. 

When the starting material is heat treated at 1373 K for 4 hrs and then furnace 
cooled, the resulting microstructure shows a Widmanstatten pattern with varying sizes 
of ai platelets (Fig. 6.1 d). The az here is obtained solefy by transformation from the 
high temperature P phase and hence it will be called secondary aj. Some retained p is 
also seen at the ai plate boundaries. 
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Fig. 6.1 SEM Micrographs of the 1 173 K rolled (furnace cooled) material in the 
(a) as rolled condition, (b) heat treated at 1173 K, (c) heat treated at 
1293 K and (d) heat treated at 1373 K (all furnace cooled). 
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Transmission electron microscopy (TEM) of a limited number of samples was 
carried out to have a better understanding of the microstructural changes. The TEM 
micrograph of the R 1173H1173 sample (Fig. 6.2) shows equiaxed primary az grain 
with a discontinuous film of |3 at the grain boundaries. The low magnification TEM 
micrograph of R1 173H1373, as given in Fig. 6.3 (a), shows a clear Widmanstatten 
microstructure. However, a high ma gnific ation micrograph firom the same sample 
shows a few defects like dislocation etc. inside the az grains (Fig. 6.3 b). Another high 
magnification micrograph (Fig. 6.3 c) shows that the film of retained p at the aa grain 
boundaries are rather thick and the difference in contrast across the boundaries 
suggests the Hkeiy presence of a different phase other than the p. Very often high 
dislocation activity can be seen on the two sides of the boundary (of P) between two 
transformed secondary a 2 grains (Fig. 6.3d). 



Fig. 6.2 TEM Micrograph of R1 173H1 173 specimen 
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TEM Micrographs of R1173H1373 specimen showing (a) general 
features, (b) presence of defect - like features inside a 2 grains (c) a film 
of retained p at the a 2 boundaries, and (d) high dislocation activity at 
the two sides of the boundary 
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6.1.2 Heat Treatment of 1293 K Rolled and Furnace 
Cooled Material 

SEM microstructures of this mat erial after heat treatment are shown in Fig. 6.4 
(a to d). It can be seen from Fig. 6.4(b) that annealing at 1173 K for 24 hrs and 
fiimace cooling leads to a clear tendency for the 02 to become equiaxed. The |3 phase 
is found to be present at the grain boundaries. 

Heat treatment at 1293 K for 8 hrs produces a s imil ar tendency (Fig. 6.4 c). 
The 0.2 grains become somewhat larger in size and the P forms a nearly continuous film 
arotmd the 0.2 grains. On the other han d, heat treatment at 1373 K for 4 hrs leads to a 
microstructure made up almost completely of secondary 0.2 obtained by transformation 
of the rolled p during furnace cooling (Fig. 6.4 d). A thin continuous retained p film is 
formed around a 2 grain. 

6.1.3 Heat Treatment of 1373 K rolled and Furnace 
Cooled Material 

The micro structures of the starting as well as the heat treated materials are 
shown in Figs. 6.5 (a to d). It can be broadly concluded from Figs. 6.5 (a) and (b) that 
the microstructure of the material after heat treatment at 1173 K is s imil a r to that of 
the starting material^ both containing aa with Widmanstatten and equiaxed 
morphology. However, the relative amount of Widmanstatten a 2 in the heat treated 
material appears 
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Fig. 6.4 SEM Micrographs of the 1293 K roEed (furnace cooled) material in the 
(a) as rolled condition, (b) heai treated at 1 1 73 K, (c) heat treated at 
1293 K and (d) heat treated at 1373 K (all fiimace cooled) 
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Fig. 6.5 SEM Micrographs of the 1373 K rolled (furnace cooled) material in the 
(a) as rolled condition, (b) heat treated at 1 173 K, (c) heat treated at 
1293 K and (d) heat treated at 1373 K (all fiimace cooled) 
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substantially higher than that of equiaxed ai. The equihbrium amount of j3 is likely to 
be more here, as compared to the star dug material and this is going to transform to 
secondary az during subsequent furnace cooling. Retained (3 film around az grains can 
also be seen in the microstructure. 

In the case of 1293 K heat treated material, the secondary az is found to be 
present in the Widmanstatten form (F^. 6.5 c). During the course of this heat 
treatment, some primary az is likely to transform into P and this gets re-transformed 
during cooling into secondary az. Some equiaxed az grains and some retained P phase 
at the grain boundaries of az platelets are also seen in the microstructure. 

Finally, in the 1373 K heat treated condition, almost fuUy Widmanstatten 
secondary az is observed in the microstructure (Fig. 6.5 d). Presumably, primary az 
gets transformed into P almost fully during heat treatment and this then re-transforms 
into secondary az during furnace cooling. In this case also, some retained p can be 
seen at the botmdaries of az platelets. 

Limited TEM study was carried out on thin foils made fi-om the R1373H1 173 
and R1373H1373 samples in order to characterise the microstructure of the 
secondary az in some detaiL The microstmctural characteristics of the annealed 
secondary az can be seen in the TEM micrograph of the R 1373H1 173 specimen (Figs. 
6.6). A low magnification microgr^h (Fig. 6.6 a) diows the general features of the 
substructurai details such as the secondary Oz platelets along with the P regions at the 
plate boundaries. Figs. 6.6 (b and c) represent the substructurai features of the 
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Fig. 6.6 (e) TEM Micrographs of the R1373H1173 specimen showing higher 

magnification views of the grain boundary region the grain boundary 
region and (g) SAD pattern taken from the area ‘X’shown in (e) 



Fig. 6.7 TEM Micrographs of the R1373H1373 specimen showing general 

features 
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6.2 X-ray Line Profiles 

The XRD profiles for the R1 173 series of materials are shown in Fig. 6.8 along 
with the XRD profile of the starting material The most significant results which can 
be obtained firom these traces are that the main peak in all the heat treated materials is 
the basal, as in the starting material. There is significant weakening of the basal peak 
as the temperature of aimealing increases. 

The XRD profiles of the R1293 series of samples after heat treatment are 
presented in Fig. 6.9 along with the XRD profile of the starting material. The basal 
peak is once again the major peak in these patterns. However, significant weakening 
of this peak takes place as the heat treatment temperature increases. The mtegrated 
intensity ratio for (2021) / (0002) shows a clear decrement with increase in the 
annealing temperature. 

The XRD profiles of the 1373 series of sample after heat treatnKnt are 
presented in Fig. 6.10 along with the pattern for the starting material In all these 
patterns, the strongest peak is of (2021) . Incidentally, this is also the strongest line in 
the diffraction pattern of a random (powder) TisAl sample as per the JC-PDS data file. 
The basal peak is weak in all the patterns and a general weakening of this peak takes 
place with increase in the tenqjerature of heat treatment. The aU along high intensity of 
the (2021) peak m these patterns is indicative of the tendmcy towards texture 

randomisation- 
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29 (degree) 

Fig. 6.8 XRD patterns for the 1 1 73 K rolled (fiimace cooled) naterial in the (a) 
as rolled condition, (b) heat treated at 1 173 K, (c) heat treated at 1293 
K and (d) heat treated at 1373 K (all furnace cooled) 
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65 60 


iQ (degree) 


XRD patterns for the 1293 K rolled (furnace cooled) material in the (a) 
as rolled condition, (b) heat treated at 1 173 K, (c) heat treated at 1293 
K and (d) heat treated at 1373 K (all furnace cooled) 
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6.3 Texture Results 

The (0002) pole figures of the R 1 173 series of samples along with the starting 
material are shown in Fig. 6.11 (a to d). Heat treatment spears to cause a 
degradation of the nearly perfect basal texture of the starting material. Heat treatment 
at 1 173 K causes splitting along TD, while heat treatment at the higher temperature of 
1293 K causes RD splitting. The 1373 K heat treatment of the material appears to 
remove most of the basal textured material, with the pole density maxima shifting by 
about 20/25° from the perfect basal location. Still there is some perceptible intensity in 
the basal region. 

The complete ODFs of the R 1173 series of samples are shown in Figs. 6.12 (a 
to c). For convenience, the (|)2 = 0° and 30° sections of the ODFs of all the samples 
along with those of the starting material are presented in Figs. 6.13. The results clearly 
corroborate the general findings from the pole figures, in the sense that drastic 
deterioration of the [0001]||A/D fibre takes place with increment of the heat treatment 

temperature. A study of the ^2 ~ 0° sections reveal that in aU the heat treated materials 
some intensity appears along the (1 21 6)[mvAv] line. In the case of the 1373 K heat 
treated material, a strong intensity maxima, in fret, appears at the (1216)[4543] 
location. A study of the (|)2 ~ 30° sections also shows that the intensity and perfection 
of the [0001]||iVD fibre decreases continuously with increment in the heat treatment 

temperature. 
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Fig. 6.13 (1)2 = 0° and 30° sections of the ODFs of the 1173 K rolled (furnace 

cooled) material in the (a) as rolled condition, (b) heat treated at 1 173 
K, (c) heat treated at 1293 K and (d) heat treated at 1373 K (all furnace 
cooled) 
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In feet, the pole density maxima appear near the locations about 18° away (along (j)) 
from the perfect basal fibre location. This component of texture can be written as 
(Oil l)\uvtw\. In addition to the above, reasonably high pole densities are also seen 
at location 57° and 75° away (along (j)) from the [0001]||iVD fibre location, especiaUy 

in the (j )2 = 30° section of the 1373 K heat treated materiaL These texture components 
can be written as (0223)[uvrH’] and (0221)[wtw] respectively. 

The (0002) pole figures of the R1293 series of sanples along with the starting 
material are shown in Fig. 6.14 (a to d). As mentioned earlier, the starting material 
does not show a high pole density at the perfect basal location. In fact, the pole 
density maxima are situated on both the sides of the ND-TD line, quite fer away from 
the basal location. After heat treatment at 1173 K, the high intensity poles ^pear to 
migrate near to the basal region and the highest pole density is obtained at around 18°- 
22° away from the perfect basal location. Heat treatment at 1293 K again causes a 
deterioration of the basal texture. The pole density is found to be concentrated at a 
region 15°-18° away from [0001]|jAZ) . There are a number of other orientations also 
present in the pole figure, especiaUy situated along the periphery of the (0002) pole 
figure. These peripheral orientations seem to persist in the sanq>le heat treated at 1373 
K- Once again, there is a reasonably high pole density around the basal location. The 
complete ODFs of the above materials are shown in Figs. 6.15 (a-c). 
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Fig. 6.15 b Complete ODF of the R1293H1293 material 
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Fig. 6.16 (j )2 = 0° aiMi 30° sections of the ODFs of the 1293 K rolled (fiimace 

cooled) matfiri fll in the (a) as rolled condition, (b) heat treated at 1 173 
K, (c) heat treated at 1293 K and (d) heat treated at 1373 K (all furnace 
cooled) 
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Figs. 6.16 (a-d) show the ^2 = 0° and 30“ sections of the ODFs of the starting as weU 
as the heat treated materials of the R1293 series. Although the starting material hardly 
shows any orientation close to the basal, the ^2 = 0° sections of the R 1293H1 173 and 
R1293H1373 samples show reasonably strong pole densities along the 0001]||iVD fibre 
compared to which the R1293H1293 sample shows perceptibly lower pole density 
along this fibre. The ^2 = 30“ sections of the ODFs indicate that in common with the 
starting material, a rather high pole density exists for all the heat treated samples along 
(j)i at (j) = 18“. This fibre can be written as (01 1 l)[iivtw\, as was also found in the 
previous case. Interestingly, the other orientations of significance which are observed 
in the ODFs of the different samples in this series, are common to all the samples, only 
their relative intensities are different for different samples. Thus, a corqjonent 
(1216)[3211] appears in the ((12 = 0“ section of the R1293H1173 sample; this 
gradually changes into a fibre of the type ( 1 2 1 6)[wv/w] for the R1293H1293 and 
R1293H1373 samples. In a similar manner, in the same ODF section for the 
R1293H1 173 sample, a component in between (121 0)[10 1 0] and (2421)[10 1 0] can 
be observed. This gradually changes into an mperfect fibre in the R1293H1293 
sample and then into a nearly perfect fibre in the R1293H1373 sample. As formd out 
in case of the R1 173 series of samples, reasonably high pole densities are also observed 
at location 57“ and 75“ away (along (j)) from the [0001]||M) fibre location, in the <t »2 = 
30“ section for aU the heat treated satrples of the R1293 series. These texture 
components can be written as (0223)[i/vtw] and (0221)[uvtw] respectively. 
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The (0002) pole figures of the R1373 series of sair 5 )les along with the starting 
material are shown in Figs. 6.17 (a to d). As mentioned earlier, the starting material 
shows absolute no basal texture component. The texture in aU the heat treated samples 
appear not far fi-om the random, although pole densities ranging between 2 to 4 are 
observed in many places within the pole figures. Isolated high pole density regions as 
observed in the starting as well as in the R1373H1173 and R1373H1293 samples can 
be identified as near (1121)[1 100] location. The complete ODF plots firom these 
materials are shown in Figs. 6.18 (a-c). 

Figs. 6.19 (a-d) show the (()2 = 0° and 30° sections of the ODFs of the starting 
material and the heat treated samples of the R1373 series. It is quite interesting to 
note that in both the ODF sections, the textures appear qualitatively similar in aH the 
samples, including the starting material Although the starting material does not show 
practically any orientation along the [0001]||A® ((|)2 = 0° section), some intensity is 

observed at about (j) = 6° away fi:om this fibre in both the R1373H1173 and 
R1373H1293 samples. On the other hand, the R1373H1373 sample shows some 
maxima at around (j) = 12° aAvay fiom the above fibre. In the same ODF section, a 
reasonably strong inhomo geneous fibre at (j) = 32° firom the perfect basal is found to be 
present for all the samples. This fibre can be identified as (1 2 1 €)\uvtw\ as was also 
observed in the previous cases. A strong componoit near the (1210)[1010], as 
observed in the < 1)2 = 0° section of the starting material appears to weaken with increase 
in heat treatment tenperature and ultimately dis^pears in the R1373H1373 sample. 
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As observed in the previous cases also, the (j )2 = 30“ sections of all the heat 
treated samples, here, along with the starting material, show a rather strong 
inhomogeneous fibre about (j) = 18“ away firom the [0001]||iVI>, which can be identified 
as (01 1 T){iivtw\. 

Again rather strong orientations, arranged as somewhat inqjerfect fibres, are 
observed at locations 57“ and 75“ away (along (|)) firom the [0001]||JVZ) location, in the 

(|)2 = 30° sections for all the heat treated samples of the R1373 series, including the 
starting material. The pole densities alor^ these fibres seem to increase perceptibly 
after heat treatment at 1173K and 1293 K; however, the pole densities along these 
fibres in the 1373 K heat treated samples is found to be con:q)arable to that in the 
starting material. As mentioned earlier, these two fibres can be identified as 
(0223)[mv/w] and (0221)[rrvtw] respectively. 
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Fig. 6.18 a Complete ODF ofthe R1373H1173 material 
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Fig. 6.19 (j )2 = 0° and 30° sections of the ODFs of the 1373 K rolled (furnace 

cooled) material in the (a) as rolled condition, (b) heat treated at 1 173 
K, (c) heat treated at 1293 K and (d) heat treated at 1373 K (all furnace 
cooled) 


305 













Chapter 6 : Effect of Tran sformations... (Discussion) 

6.4 Discussion of the Results 

In this chapter an attempt has been made to study the effect of aj -> P ^ a 2 
transformation on the stabiHty of the basal texture. For this purpose the starting 
materials chosen were R1173 FC, R1293 FC and R1373 FC. The starting texture in 
the first case is mainly basal (reasorrably strong) plus some extra orientations. This 
texture pertains basically to the deformed primary a 2 phase, although some secondary 
ct 2 is also expected to be present. In the second case, the texture consists of only a low 
pole density in the basal location along with some moderately strong non basal 
components. The phases present in this material are both p rimar y az (deformed and 
then recrystalhsed at 1293 K) and significant amount of secondary a 2 , obtained fix»m 
the high teir^jerature p by transformation during furnace cooling. In the third case the 
starting texture does not contain any trace of the basal com^wnent. The phase present 
is practically entirety secondary az produced by transformation from p during frimace 
cooling. 

It is quite apparent from Figs. 6.17 that when the starting texture does not 
contain any basal component, annealing at the three temperatures of 1173 K, 1293 K 
and 1373 K, followed by furnace cooling does not yield any perceptible basal texture. 
On the other hand, when the starting material has a reasonably strong basal texture 
(from deformed primary a 2 ) (Figs. 6.11), annealing at the successively higher 
temperatures of 1173 K, 1293 K and 1373 K appears to gradually degenerate the 
texture from the perfect basal In contrast, when the starting material possesses only a 
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rather weak basal pole density (Fig. 6.14) subsequent annealing at 1 173 K, 1293 K and 
1373 K seem to in^rove the basal component perceptibly. 

From what has been stated above, it is quite clear that when the starting 
material does not have any basal component (R1373 K material), partial or foil 
transformation along the aa— hx 2 cycle does not produce any basal component. In 
case of the R1173K material, where the primary a 2 is in a more or less deformed 
condition and which has a reasonably strong basal texture, subsequent treatment 
through the a 2 ->P-MX 2 cycle seems not to improve the basal texture at all On the 
other hand the location of high pole density has been found to deviate from the perfect 
basal con^nent as temperature of annealin g increases. However, it is quite 
interesting to see that cycling the R1293 K material through the a 2 ->P->a 2 
transformation sequence helped in sharpening the original low density basal component 
by a remarkable extent. 

An explanation of the above behaviour can be given in the following manner. 
The P phase that forms in the R1 173 K material, as it is annealed at 1293 K or at 1373 
K, comes about by transformation from deformed primary ai mainly (Figs. 4.8 and 
4.21). On the other hand, the P phase in the R1293 K material, when annealed at 1293 
K or at 1373 K, is obtained from somewhat strain-free primary as well as secondary ai 
grains (Fig. 4.15). In the former case the basal texture shows some perceptible 
deterioration, while in the latter si gnific ant icDprovement in the basal texture is noticed 
after the a 2 -»P->a 2 transformation. As mentioned earlier (Section 4.4.2.2), 
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Fredericks [156] suggested that if the P to ai transformation occurs j5:om deformed P, 
only l/6th of the highly textured {110} planes is fevoured in transforming to the 
{0002} planes of the product ai phase. It was further suggested [156] that during 
transformation from recrystallised P into aa, all the six {110} planes should be equally 
favoured in transforming to the basal plane, producing thereby a strong basal texture. 

In view of the above suggestions and the present observations, it appears that 
the transformation behaviour of P to 02 (in terms of selection of variants) could be 
dependent on the nature of the original 02 phase from which the p is derived during 
heat treatment. Thus when P forms from deformed primary 02 (with a reasonably 
strong basal texture), it behaves as though it is deformed P and, therefore, retransforms 
into 02 in a constrained manner, as suggested by Fredericks [156]. As a result, the 
product basal texture may be substantially inqjaired. This seems to be the case for the 
R1 173 K matfrial On the other hand, p obtained from annealed and recrystallised 0.2 
(primary + secondary) behaves as though it is itself in a recrystaUised condition, and 
therefore, retransforms into 02 in a manner whereby all the variants leading to the basal 
component of the texture operate, thereby improving this particular corr^onent. This 
could be the case for the R1293 K material 

The present work, therefore, leads to two important conclusions: (i) If P is 
formed from 0.2 having no basal texture component, further transformation from P to 
a 2 will not produce any basal texture; (u) heat treating the material through the 
a 2 -»p ^2 cycle will produce the basal conqxment in the final 02 . provided this 
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component exists in the texture of the original ai. If the original a: is in a deformed 
condition, the basal component in the texture of the final cci phase will be impaired to 
some extent. By contrast, if the original a2 is m a strain-fi^e condition, the extent of 
basal texture in the final cl^ phase is expected to improve significantly. 

Thus the textures obtained in all the heat treated sairq)les which were subjected 
to the a2 P a2 cycle were firom basically primary a2, mixture of primary and 
secondary a2 or firom pure secondary ai phase. The full discussion regarding the 
evolution of transformation textures in secondary oli formed firom different 
microstructural states of the P phase has already been given in section 4 . 4 . 2 . 2 . and will 
not be repeated here. 
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Chapter 7 


1. The initial as-cast material, which consists of nearly 70% 0.2 and 30% p 
phase, possesses a strong soUdification texture. The main orientations are centred 
around [0001]||M) (basal) with maxima at (0001)[3T20], (0001)[lTOO] and 
(000 1)[1 2 1 0] . A few non basal components are also seen. 

2. Heat treatment of the as-cast alloy at 1173 K for 24 hrs, for the 
equilibration of phases, does not change the basal character of texture. However, in 
this case, a number of non basal componoits are also quite strong in intensity. 

3. The unrestricted rolling of primary 02 at 1 173 K leads to the formation 
of the sharpest (0001)[Mvnv] basal texture. 

4. A rolliug reduction of 70%-80% at 1173 K causes refinement of the 
microstructure due to firagmentation of a: platelets. The effect of tenqjerature is not 
that apparent here since the substructural features correspond to the as-deformed state 
of the materials. 

5. Basal texture strengthens in intensity with amount of deformation at 
1 1 73K. However, beyond 70% rolling reduction the texture more or less stabilises. 


Chapter 7 : Conclusions 


6. Fast cooling (water quenching ) from the ro lling tenqjerature helps in 
retaining the high temperature (3 phase, whereas slow cooling ( furnace cooling ) from 
the rolling temperature leads to the formation of secondary from the high 

temperature p. The difference in the cooling rates gets reflected in the microstructural 
and textural evolution. 

7. When substantial amount of P phase is also present the deformation of 

primary becomes restricted and this gives rise to the formation of strong texture 

component along [1010]||i2Z) fibre. This is (/ifo7)[1010] accompanied by a 
simultaneous decrease of the (0010)[zn'/w] orientations. 

8. The texture of transformed (secondary) ai is generally dictated by the 
texture of parent p-phase according to the Burger’s Orientation Relationship. The 
resulting texture is mostly non basal when transformation takes place from deformed p. 
However, the texture of transformed (secondary) ctz possess some basal components 
when transformation takes place from P phase in the annealed state. 

9. The basic characteristics of the rolling texture does not change during 
isochronal or isothermal annealing. Although, the rolling ( basal ) texture somewhat 
weakens during recovery, it starts regaining its strength in the recrystallnahon stage. 
The texture starts deteriorating during grain growth. 
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10 . For a material with a basal starting texture, heat treatment in the upper 
0-1, a2 + P or P phase fields does not change the basic character of the texture, 
although the sharpness and specially the width of the basal component increase to 
some extent with the increase in the heat treatment temperature. 

11 . Heat treatment of material with starting non-basal texture in the upper 
oi, 02 + P or p jdiase fields does not produce any basal component irrespective of the 
heat treatment ten:q)erature. 

12 . When the starting material is reasonably strain-firee and possesses a 
weak basal texture, heat treatment in the upper ai, 02 + P or p phase fields helps in 
intensifying the basal component to certain extent. 

13 . When the as-rolled materials are subjected to supertransus processing 
(either p->a2+P or a2+P->a2) very often a third phase (neither 02 nor P ) appears at 
the 02 / P platelet boundaries. This is more prominent in the case of furnace cooled 
materials. This third phase could be the orthorhombic ‘O’ phase. 
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